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Tlisso  papers  arc  to  b*  present  sd  at  the  Second 
3yjrf>Gsj.UA  on  Detonation  bains  sponsored  bgr  this 
Of  fie*  on  9,  10,  and  11  February  1955*  Two  volumes 
are  bains  issued,  one  containing  the  unclassified 
and  the  other  the  classified  papers.  Inasmuch  as 
these  preprints  are  receiving  a limited  distribu- 
tion they  are  not  to  be  considered  as  a substitute 
for  pu.  '-.n  in  appropriate  scientific  Journals. 

‘Die  c..w  „t  of  this  symposium  is  to  bring 
together  scientists  from  government,  university  and 
industry  to  discuss  recent  advances  in  theory, 
experiment  and  application  in  this  field  of  chemi- 
cal physics, 

This  Cffj.ce  is  of  th*  opinion  that  the  sympo- 
sium at  which  these  papers  will  be  discussed  will 
stimulate  new  .msearch  in  this  complex  field.  The 
relationship  of  advances  in  the  knowledge  of  deto- 
nation phenomena  to  the  effectiveness  of  the  use 
of  molcculr_r  explosives  makes  this  aspect  of 
science  of  importance  to  the  Department  °f  the 
Navy  and  the  Department  of  Defense. 

To  all  those  who  or*  contributing  papers  and 
plan  to  attend  tnxs  symposium,  the  Office  of  Hava? 
Research  expresses  its  appreciation. 


y R.  FIRTH 
Hear  Admiral,  USN 
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Introdr  sties 


Almoet  all  intentionally  established  exploeive  react  Iona, 
whether  for  lab.,, -story  experiments,  commercial  applications,  or  In 
ordnance  items,  are  initiated  by  means  of  relatively  veal  impulses. 
lUet>a  veal  lnpulses . whether  mechanical,  electrical,  or  thermal, 
generally  ignite  deflagration  of  the  explosive  material  which,  voder 
favorable  circumstances , accelerates  rapidly,  generating  abode  vavea 
vblcb  nay  be  incense  enough  to  establish  catenation.  By  the  nature 
of  this  process,  the  incipient  detonation  thus  establish  is  the 
oiliest  reaction  vhlch  can  propagate  as  a * lonatlon  and  must  grow 
to  its  stable  rate.  Ttee  ya^lous  phaseo  of  this  process  have  been 
discussed  by  Kiatueice’vsiaO  /,  hovusn  mH  feffet2^,  Syr  lag  et  al(3) 
And*r*vr(*/,  Ga bow  and  FinkLasteinw),  and  many  others. 

The  use  of  a lar6«j  charge  o*  an  plosive  In  which  tlio  entire 
process  vlll  readily  tat*  place  is  so  hazardous  that  it  la  almost 
never  dene.  The  usual  practice  is  that  at  subdividing  tba  explosive 
char  a*  into  tvo  or  store  componsnts  in  which  there  is  a general 
inverse  relationship  between  wise  and  sensitivity  and  of  isolating 
bv "•  smaller,  yore  sensitive,  components  from  the  .'srger  ones  until 
as  shortly  as  possible  before  ihe  charge  is  to  be  de  tc  anted - 

^ Kschanlcnl,  design  cc-nslderaxions  and  the  fact  that  the  aost 
effective  material  for  one  phase  of  this  process  is  not  necessarily 
the  most  effective  for  another  phase  results  in  further  subdivision 
of  explosive  charges.  Practically  every  detonation  of  intentional 
origin,  in  the  course  of  its  growth,  has  encountered  ram  or  noro 
discontinuities.  The  reliability  with  which  detonation  can  be 
transmit!  d across  these  discontinuities  is  affected  by  a wi.la 
■^►"lety  of  factors  including  the  properties  of  the  explosive 
u*>erlal»  involved,  the  densities  at  which  they  are  loaded,  the 
eater" & La  in  which  they  are  confined,  their  absolute  and  relative 
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iiws,  their  relative  positions,  sad  the  urture  sad  position  of  say 
in+j»rTsring  materials . It  l«  cbvicus  tfcst  so  many  perntrLatianu  af 
uness  rectors  are  uo^sible  that  thaxa  vllx  osvsr  be  t.Lzr  to 
invastigats  all  of  thoir  interactions . 

i 

ricst  of  tbs  vcrk  voich  has  been  dene  by  tbs  authors  In  this 
field  has  involved  As  turai  nations  of  ths  conditions  under  which  cos 
charts,  vhich  vs  have  called  ths  "danor'*,  will  initiate  another 
bnovn  as  the  "acceptor*.  In  sc*s»  eases,  tie  donors  aad  acceptors 
vs  re  standard  or  proposed  explosive  train  consonants  such  as 
detonators,  leads,,  boosters,  or  slnulatod  as  in  charges.  More  often, 
special,  idealised  components  nave  been  uaau. 

Hcperlcmnta  .ly,  detonation  la  usually  considered  to  have  been 
tr&oaaitted  between  two  charged  if  the  acceptor  detonates  with 
nearly  its  wxim.:a  intensity.  Usdcr  ootve  circumetitnces  the  criterion 
<ised  to  differentiate  between  "fires"  and  "misfires"  introduces 
questions  cf  orders  of  detonation,  but  In  most  experiments  the  output 
of  the  acceptor  is  either  practically  negligible  or  eo  near  the 
maximum  that  the  differences  are  difficult  to  detect.  It  does  not 
follow  that  all  charges  e lassif led  as  "fires"  are  initiated  at  their 
stable  detonation  rates.  The  usual  situation  Is  quite  tie  opposite 
since  in  experiment*  aimed  at  determining  ths  threshold  c«_*iticaa 
for  ir^-iatian,  stoat  trials  vlUL  be  made  uidsr  conditions  very  near 
thr  threshold.  It  does  follow  that  most  explosive  charges,  if  they 
detonate  at  all,  build  up  to  stable  detonation  quite  quickly.  The 
trcasaiasioc  of  detonation  involves  the  completion  by  the  ■^nn<1  at  the 
establishment  of  conditions  which  insure  the  growth  of  detonation, 
w nether  the  dooinect  Initiation  mechanism  is  buuogencous  ccwprescivs 
heating:  nf  tb*»  uolld  explosive , interstitial  hasting  related  to 
tnVepnj?aeity#  or  ignition  by  air  shoii  uad  reaction  products, 
conditions  necessary  for  ths  aro*"h  cf  datoaai.nu  are  those  of  high 
tespemtiae  aad  pressure. 

In  each  of  the  transmission  ^cchanisas  asntloned,  the  growth  of 
detonation  depends  jpau  ths  rise  of  teaperature  and  pressure  due  to 
the  excess  of  heat  and  gas  evolved  over  that  Ire t to  the  s;  j-cea.  Due 
t4;  rrr  e.h. Git  tires  involved  in  wnuse  processes,  heat  losaee  4v»  to 
conduction  are  probably  second  order  effects  so  that  rhe  principal 

'W'ollra  iw.hsnl™  « • :«»||<  1-m  " _..a  an*  .•»+*•»-.  -.-n<  . 

pr*«ent.  The  most  important  fa which  affect  the  transmission 
of  detonation  are  those  which  affect  tbo  vigor  of  the  reaction  vhich 
is  established  In  the  acceptor  and  those  which  retard  the  expansion 
v£  tnu  products  of  the  reacclwu.  in  stoat  experimental  situations, 
the  varicu-.  factors  involved  are  so  interwoven  that  it  is  difficult 
to  asperate  their  effects,  but  boat  of  ths  experimental  * vaults 
illustrate  thene  generalities  ro  rtf-viously  that  this  fact  hardly 
:.-jfeds  to  bw  pointed  out. 
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COlfflDSafTIAL 
•IaP*?  vision  ^ fw3_  Prc^,j,5,.ir^ 

TLu  vIau.  dlouUiiSdi  h»rair.  ware  obtained  by  a variety  af 
erp^rlwjat*!  procedures.  Quit*  * feu  of  thee*  evperiacats  were 
determinations  of  tho  critical  condition*  for  the  initiation  d ! 

da  ;<>tuatloa  in  ana  explosive  element  by  means  of  another.  Th* 
critical  condition  la  def load  «a  tea  least  favorable  of  the  eerie* 
of  re.l»W  condition*  for  which  the  decor  vtl1  ini t lata  detonation 
of  th*  acceptor*  Girh  information  unfortunately  cannot  be  obtained 
f*vr  any  one  cant  lea  t Ion  of  a dor  or  and  an  acceptor.  All  that  can  be 
learned  fro*  on*  anot  is  that  the  acceptor  mi  or  vu  not  initiated. 

Hie  flret  experiment  which  svggest*  itself  is  that  of  forking  tp” 
to  tlm  critical  point  freo  each  side  with  a aerloa  of  straddling 
•arts  using  identical  desers  and.  acceptor*,  However,  it  1* 
l practical,  if  sot  '-possible,  La  sake  components  which  are  nearly 
enovgh  identical  for  this  type  of  experiment,  thus  each  set  of  donor 
and  accepter  has  a unique  critical  point.  The  experiment  must  be 
directed  toward  determining  the  arsrege  critical  point  which,  upon 
a little  reflect  let , can  be  seen  to  be  the  point  at  which  JOjt  of  the 
acceptors  fire.  During  the  past  war  a method  for  determining  such 
Mt-vtifctics  was  devised  by  the  Explosive*  Besearch  Laboratory, 

Brum-toa.  Pa.  it  was  analysed  and  refined  by  the  Statistical 
Research  group  of  the  Applied  Mathematics  Panel  an  Princeton.  This 
method,  which  will  be  referred  to  herein  as  the  Bruceton  method, 
involves  a series  of  trials  the  conditions  for  each  of  which  are 
determined  by  the  result  of  the  previous  trial,  and  Is  described  in 
acre  detail  in  a report,  cf  th*  Statistical  Research  group  or  ua> 

Applied  ViaUiOQsLj.es  raneiv^/. 

criteria  of  Eetoneticr 

Tb a Bruce  ton  aethU*  Is  applicable  only  where  the  rea’ilt  of  a 
single  trial  can  be  placed  ueflnitely  In  one  of  two  categories;  In 
the  caae  of  propagation  tests,  detooetlaior  failure  of  the  acceptor. 

IVetrniatian  Jn  a marginally  initiated  charge  quite  obvlovt  ’ j. a 

initiated  at  sanethiag  less  than  its  stable  ::ata . Stable  detonation 
in  achieved  ealy  after  a carta lu  amount  of  th*  acceptor  cxploeive  ha* 
been  eons. tied.  As  the  vigor  of  initiation  is  increased,  the  quantity 
of  explosive  consumed  in  the  growth  process  should  be  expected,  to 
duertsaae  with  a corresponding  increase  in  the  outpuv  ctf  the  acceptor 
a.»  inai cased  by  to*  damage  to  ! La  case  or  by  other  criteria  wm.cn 
night  be  used.  Thus,  in  an  experiment  to  determine  the  conditions 
•iHtxti  which  detonation  is  transmitted  from  .«*»  charge  to  another, 
the  result  say  depond  upon  the  criterion  of  detonation  used  to 
classify  a given  trial  as  a "fire"  or  'ml afire".  The  s*rieu*ness  of 
tniu  effect  depends  upon  ths  relationship  between  the  rate  of 
c-d.ld.sp  and.  the  variation  of  characteristics  from  one  individual 
tirucr  ov  acceptor  to  another.  It  will  te  shewn  in  a later  section 
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of  Ti.tri  that  tala  effect  oc  i*u.v-  serious  ucder  scse 

conditions  but  that  it  his  ncsii£ib.i.a  iufiutsice  in  the  rang*  of 
conditions  under  which  most  of  the  data  reported  herein  were  obtained. 

the  -rues ten.  up  tm-l  iosn  erperitn'nt*  which  were  used  to  obtain  a 
large  parr,  of  chase  area,  dauiridual  trials  in  whSch  the  classifi- 
cation vouiu  Lave  bees  charged  by  a reasonable  change  in  the 
criterion  of  detonation  were  rcre. 

Physic*!  Arrangement 

Although  data  ottalnecl  by  means  of  a variety  of  experimenta  are 
discuss*  1 herein » a^rwkriaants  of  the  hind  schematically  illustrated 
in  ?iguree  1 and  2 are  the  sources  of  stoat  of  the  data. 
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booster  Sensitivity  Test ^7/ 


Pisrnre  2 

laall  Scale  '**p  Test^T> 
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The  e^yerii  Cental  arrange'aent  shown  in  fiacre  1 was  used  by 
S/stsr,  Smith,  rod  Walton- -7  to  Investigate  the.  effect  of  a variety 
factors  uj  an  the  transaiseion  of  detocatiaa.  That  shown  in 
're  V hn*  h**t.  used,  extensively  by  the  autaorB  of  this  pater*. 

The  energy  transfer  between  donor  and  acceptor  in  the  booster 
seosit.ntj  test  fa  accomplished  by  tbe  transmission  of  shock  wares 
througn  «*.•::  between  solid  -aaterielo,  a relatively  simple  procsss. 
Tr-ftn*>aiHfli'<n  across  au  air  gap  as  in  figure  2 is  acotwhat  mor* 
cc*tpii.i:fiUKi  since  the  air  in  a shock  zone  is  extremely  hot,  «.  the 
order  a*  10,OJC°C (9),  and  is  followed  by  a mass  of  product  gases 
voosi  par,. ide  velocity  Jo  close  to  the  shock  velocity  oud  whose 
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density  if.  •mite,  appreciable.  QoJ.x  tue  hi  h teanpax’at'iare  a?  slid  Air 
arid  the  hi gh  kinetic  energy  of  tas  product  gases  lav  !v»  mors 
important  factors  in  the  transrai  salon  of  detonation  than  the  air 
snoolt  aa  such*  The  coefinssnert,  which  ie  necessary  because  of  the 
or.iatj  iru i«,  adds  further  ccgylislty.  The  differences  between  t>cr.c 
tvo  types  of  experiments  a*-e  auuh  uual  any  points  oa  vinca  they  agree 
nt\at  be  of  reasonably  general  applicability. 

Obs^mtiops  +r. d Dlscuasiati 

Factors  Related,  to  Dlaensioga  of  acplosive  Charges 


It  ia  self  evident  that  the  effect! vornsa  of  the  transmission  of 
detonation  should  increase  with  the  site  of  the  donor  charge.  With 
\»jry  taaall  dcooro.  the  oiameter  effect  can  cause  significant  decrease 
ia  the  stable  detonation  velocity  end  tee  detonation  may  not  'yri  tc 
its  i»'.cL« mb  stable  rate.  A fv.er  stable  de-tons tic*  at  a rate  closely 
S’fproxinatiag  the  plant  vave  leicnstiea  rate  n&a  been  awiievw';  the 
effectiveness  of  a donor  continues  to  increase  with  site  b*c.ii*ae  the 
larger  mass  of  explosive  products  takes  longer  to  expand  sad  thus 
maintains  condition  conducive  to  growth  of  detonation  in  tlie 
acceptor  for  a longer  tine.  In  a gap  or  barrier  test,  this  combines 
with  the  general  scaling  law  which  applies  generally  to  exp.ioslon 
phenomena.  As  the  diameter  of  the  donor  is  increased  the  critical 
gap  or  barrier  thickness  increasef  jjicre  rapidly.  In  Table  I some 
data  of  Syater , Smith,  and  Walton ^ show  this  relationship. 


Critical  Thickness,  Wax  Barrier 


Booster  Diam. 
finches) 


Weight 


40. S 

100. 


Pentolite 


B Picxatol  5 2 AS 


Tab3e  T 

Booster  Sensitivity  T*Jt  - Scaling  Exp*  '■  ~ •«» 
(Tetryl  Booster  - Tuo  Inches  Iax^. 


The  relationship  is  also  apparent  *»*  V’ieu i«  j from  ueow  <u  aome  ar 
the  present  authors.  The  deviation  Tree  gv-cmrtrical  scaling  can  oe 
ascribe*'  to  the  ticae  factors  involved.  The  times  associated  with  the 
ayt’oouyujtMttic  shock  phenomena  are  essentially'  transit  tier*  '•  and  hence 
vary  proportionally  with  linear  dimensions  while  the  reaction  ti  t of 
thn  acceptor  Explosive  is  dependent  upon  local  conditions  In  the 
react  .•'on  sane. 

roe  principal  effect  of  acceptor  diameter  is  that  upon  the 
resistance  of  the  system  to  the  expansion  of  the  criteria!  of  the 
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reaction  »cne.  When  an  explosive  -.iurcra  I -nconrined,  its 
.'eaistar.ee-  to  expansion  Increases,  of  oo'.a-ta,  with  Jtc  diaaiiter  so 
vlint  larger  are  sort  easily  initiated.  fiiin  effect  baa  been 

dement  rated  by  Eystcr , Delta,  and  tfol-on^).  Hhsn  tha  a 'ceptor  is 
heavily  cuufJ-Uud  in  a s^tal  such  ac  copper,  the  effect  ef  ■’ts 

its  apparent  aeuiti,-vcy  is  saoswh-.r  nor*  The 


tu.uaatar  u 

s;,p desire  raateri"’  affords  less  resistance  to  expansion  than  the 
confining  isdi’.cc  «o  th*t  * ion*  1 1 reaction  nucleus  la  supported  by  the 
proximity  of  the  walls.  Thu*  the  ivppar«nt  relative  sensitivity  at  the 
acceptor  depends  upon  the  donor  diaaeter.  Fly  re  3 shews  this  q,uite 
forcibly,  Ifot*  tha\,  under  the  conditions  at  these  experiments,  iha 
uptime  acceptor  iiaseter  is  slightly  lass  than  the  donor  diareter. 
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figure  3 

Air  Cap  la  the  Small  Scale  Gap  Test  as  Related  to  Aceeptc- 

and  Conor  Diameter 

Vbwr-  +.h«  growth  of  detonation  is  incomplete,  the  effectiveness 
of  a donor  any  be  expecteu  to  Increase  sharply  with  length.  This 
principle  is  of  c?**t  practical  importance  when  the  donor  and 
acceptor  are  the  intermediate  and.  baac  charge  of  a detonator.  Zt  is 
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uirtcus'ed  iii  3006  detail  by  the  present  authors  is  a recent  I 

p*p<ar(10).  where  the  transition  from  burning  to  detonation  takes  l 

piftsr  in  lend  azide  it  13  so  .rapid  that  the  effect  of  colum  length 
obserrad  in  most.  esperinents  la  that  cjgociated  with  the  growth  of 
the  "head."  of  reaction  products  rather  than  that  of  toe  detonation* 

As  the  length  of  a donor  colum  is  increased  toe  length  of  the  bead 

of  gases  behind  the  detonation  front  Is  increased  up  to  the  point 

where  radial  losses  beecsse  prop  odorant.  Boywd  this  point,  further 

increases  in  length  result  in  no  increase  in  e£feetiv-s**s9  - This 

point  hei^tiids  upon  the  manner  in  which  the  donor  is  confined*  The 

l&ngth  of  the  heed  effects  ^ap  test  ro suits  through  Its  effect  cn  the 

attenuation  o t the  transmitted  shock  a ad  acccepsnying  pb  *""”*»"*  and 

In  resisting  the  rearward  expansion  or  the  acceptor  reaction  products* 

as  night  be  expected,  a given  increase  la  charge  weight  le  lees 

effective  la  increasing  the  effectiveness  of  a donor  when  it  Is  1 

by  increasing  the  length  than  when  the  disaster  is  increased,  8 

i'igurc  4.  | 


Figure  4 

Critical  Axial  Air  Ceps  Across  Which  Detonation  is 
Transmitted  Between  Lead  Aside  and  Tetryl 


Th»  affect  of  acceptor  length  upon  the  transmission  of 
detonation  is  usually  ^ui'a  small.  Where  e short  Ai^prrp  ia  hacked 
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by  a metal  plate,  the  snock  reflected  frcm  the  backing  plat.?  might 
as  expected  to  reLuioic*  the  Incident  shock  and  increase  the 
apparent  sensitivity  * One  of  the  present  authors  has  shown  that 
for  o da  such  system,  The  length  of  the  donor  had  tv  he  reduced  to 
0.C25  inch**,  & very  small  fraction  of  any  other  dissension  involved, 
before  this  effect  could  be  detected.  A second  effect  of  accept.-*? 
length  upon  sensitivity  which  may  he  reel  or  apparent  depending  upon 
interpretative  point  cd  view  is  that,  related  to  growth  of  detonation 
In  the  acceptor.  Ihder  circumstances  where  the  growth  of  detonation 
may  require  a column  >.sngth  of  the  same  order  of  magnitude  aa  the 
acceptor,  a longer  acceptor  might  build  up  to  a point  where  It  would 
be  classified  as  a "fixe"  while  a similarly  initiated  accepter  of 
lesser  length  would  be  classified  as  a "misfire".  In  Figure  3 it  is 
demonstrated  that  circumstances  are  possible  under  which  appreciable 
colum  lengths  are  required  for  tha  growth  of  detonation. 


x 1 2 3 4 6 

Figure  5* 

Explosive  Container  Fragments  Showing  the  Effect  of  the  Vigor  of 
initiation  Upon  the  Growth  of  Detonation  in  Tetryl 

*The  distance  ;x)  between  a donor  of  PEEK  loaded  at  a pressure  of 
10,000  pal  *nd  the  three  inch  Inns  acceptor  of  tetryl,  with  a 
diameter  of  0.300  inches,  loaned  at  a prejguxc  of  h,C00  psi,  wa* 
varied  as  indicated.  Jtotc  that  the  growth  to  high  order  detent clou 
la  the  acceptor  as  reflects  by  tba  distortion  of  tha  acceptor 
container  can  be  quite  cradual  for  large  values  of  x and  that  the 
distance  required  in  the  tetryl  for  the  reaction  to  grow  to  high 
order  hef.oaai.ion  increases  with  increasing  x,  that  is  vita 
decreasing  vigor  of  initiation. 
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Factors  Related  to  Coegositioa  o f.  £r;I?aive 

In  general,  explosives  vhieh  are  more  "brizaat"  a*  indie  i'-ed  by 
high  detonation  velocity,  L*rge  plat*  dent  results,  etu.,  are  nor* 
effective  a.  donors,  and  those  which  ire  more  sensitive  by  other 
sUindaids,  sues  as  impest  sensitivity  obtained  using  drop  tests,  are 
sore  sensitive  acciotora.  In  experiments  to  determine  the  minimal 
booster  required  to  Initiate  cast  OTT  it  van  found  that  6,1  8T*as  of 
HES/u «x,  97/3  is  e<iulvalent  to  8.3  jraas  0/  tetryl.  Figure  6 shows 
the  correlation  between  Impact  sensitivity  and  critical  air  &19. 


rigura  S 

Minimus  Priming  Charge  end  Gap  for  Critical  Propagation 
as  Related  to  Taoaet  Sensitivity 

Where  the  donor  is  very  snail,  ns  for  exsngpl*  1a  "niniam 
prising  charge"  experiments,  the  rapidity  with  which  she  explosive 
effects  the  transition  from  burning  to  detonation  *«  the  predaeiv-.ut 
factor  in  its  effectiveness.  Good  co-*»«e  lotion  has  been  obtained 
between  minim.®  priming  charge ^ experiments  end  other  saasurvmeota 
of  the  rate  of  this  tmasiticn(^). 

The  effect  of  additives  upon  sensitivity  to  initiation  is  not 
necessarily  proportional  to  that  upon  impact  sensitivity  The 
nenfitivity  of  KDX  to  Initiation  by  other  explosives,  for  esaaqple, 
is  mush  more  sharply  reduced  by  the  addition  of  wax  or  sisdhar 
material*  than  is  its  Impact  sensitivity.  Bote,  1a  Figure  6,  the 
inw*’*»ioa  between  Comp  A and  ’HfP- 
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The  correlation  between  Inject  and  ?.nitiatioa  sodsitivlty 
apparently  does  not  apply  to  explosives  which  are  aschajalcal 
nirturea  of  fuels  and  oxidlzara.  Bilo  nay  be  related  to  the 
necessity  for  norc  latitat;  nixing  during  the  reaction  tine.  In  sene 
such  mixtures  considerable  difficulty  has  been  experienced  in  produc- 
ing a material  with  acceptable  impact  sensitivity  which  can  be 
Initiated  with  a booster  of  reasonable  size* 


factors  Related  to 


Charges  of  solid  explosives  are  made  either  by  casting  thsa  or 
by  pressing  frea  granular  material*  Zfc  either  case  large  variations 
in  grain  or  particle  site  are  possible*  Zn  addition,  the  density  at 
pressed  granular  explosives  may  he  'varied  over  a vide  range.  Cm 
effects  of  the  voids  In  pressed  granular  explosives  aay  be 
enunsrated  as  follows  i 

1.  A large  Increase  la  effective  surxace  area  which  nates  the 
aaterial  noire  igni  table  and  increases  the  ness  reaction  rate  for  a 
given  surface  burning  rate. 

2.  An  increase  In  the  overall  conpresslbllity  and  the 
proportion  of  the  energy  of  a shock  converted  to  Interstitial  heat. 

The  result  Is  that  much  weaker  shocks  can  cause  reactions  of 
sufficient  vigor  to  propagate  as  detonations. 

3.  Ac  increase  In  the  effective  free  volusw  with  the  result  that 
a given  reaction  rate  re  cult#  in  a slower  pressure  ru)  and  thus 
tends  toward  lass  rapid  acceleration  of  the  reaction* 

V.  A decrease  In  the  velocity  and  pressure  of  stable  detonation 
with  increasing  percentage  voids . 

?♦  A reduction  in  the  "acoustic  lnpertauce”  both  because  of  the 
reduced  density  and  the  increased  conpresslbllity.  This  results  In 
an  ImpT'ovwnsnt  of  shock  transmission  between  the  explosive  and  low 
l7fpcdso.ee  nedts  ?iv»h  as  air  and  deterioration  of  shock  *•**"  nr» 

with  high  impedance  media  such  as  steel* 

It  is  quite  plain  that  these  effects  may  reinforce  or  counteract  one 
another  In  their  influence  upon  the  transmission  of  detonation 
depending  upon  circumstances. 

Most  primary  explosives  depend  upon  a conblaation  of  the  ^trst 
two  of  thw-?e  effects  to  pronote  the  transition  fren  burning  to 
detonation*  When  "creased  to  a density  above  a Halt  characteristic 
of  the  explosive  they  refuse  to  effect  this  transition.  This 
Phenomenon  is  known  as  "dead  pressing".  It  has  been  stated 
frequently  that  mercury  fulainate  is  dead  pressed  at  pressures 

la  excan  a of  E*  "C  p«i.  Suae  of  th*  present  authors  Lava  showu 
that  thin  fl$  aay  vary  from  5 >000  to  80,000  pel  depending  upon 
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conditions  of  confinement.  lead  aside  shown  lee*  tenancy  than  other 
explosives  to  '’dead  press"  probably*  wcause  Its  extreme  hardness 
results  in  quite  high  percentages  of  void-  at  pr&ctleal  loading 
pressures.  However*  ,!oaad  pressing’1  effects  have  t-ta  obitrvei  with 
lead  aside  «nd  nay  cause  trouble  where  confljirrtsenr-  is  poor.* 
particularly  if  the  leal  azide  has  been  loaded  in  a high  humidity 
atmosphere*  Whore  "dead  pressing”  Is  not  a factor,  the  third  and 
fourth  effect*  mentioned  a'oori  la  « gerutre?  increaee  in  the 

efi  setiveneee  of  donors  with  increasing  density. 

The  manner  in  which  these  effects  combine  to  d ,tersiae  the 
sensitivity  of  an  accepter  la  qu its  obvious  whan  zaaiiS»^u 
qualitatively,  *>uaatitutive  msideratlon  of  the  effect  of  density 
on  the  transmission  of  detonation  h&a  not  been  undertakes.  The 
coahined  effects  can  be  ob served  espay imenta  1 ly  but  it  is  difficult 
to  separate  them.  In  air  gap  experiments,  the  apparent  sensitivity 
decrease#  with  increasing  density  within  the  usual  range  of 
densities  used  in  ordr*nce.  where  barriers  of  other  aaterlals  are 
involved,  this  relationship  say  change.  In  Figure  7 the  effect  of 
density  on  critical  gap  is  compared  with  that  an  critical  aluainuu 
barrier.  Sots  that  the  air  gap  varies  much  sore  sharply  with  density 
than  doss  the  barrier.  Dcd&w*}  found  that,  with  combined  air  gaps 
and  steel  barriers,  toe  optima  density  of  tetryl  as  an  acceptor  was 
in  the  neighborhood  of  1.5. 
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Figure  7 

propagation  of  Detonation  lead  Azide  to  Tetryl 
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In  explosives  loaded  to  dausit-Ue  lower  * *v“  - s the  usual 
ordnance  practice,  the  growth  of  do  toast  ’.sc  la  slower  sad  the  Hue 
\>etweo3  "fires"  aad  "nisi  Iras'1  fcocccaa  sacra  uatiiloua.  the  choice  of 
criterion  of  fire  can  ‘nave  a auhatautiai  effect  upon  the  estiraate  of 
the  critical,  gap.  Figure  8. 
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Impendence  of  Air  Gap  Sensitivity  of  Tatryl  Upon 

and  Criterion  of  Fix* 


7^Hng  D«ci  ity 


•Regular  Brucetoo  type  air  gap  sensitivity  testa  were  performed 
with  dotaora  of  FBJX  loaded  at  preaaurea  of  10,000  pal  and  acceptor# 
of  tatryl  loaded  at  praasures  varying  fr«  500  to  80,000  pai.  Bote 
that  f ot  the  lower  daaaitiea  there  ia  a complete  revereal  in  the 
ord;r  of  aenaitivity  with  density  when  the  criterion  of  the 
Brusetod  t*'«t  it  varied  fron  one  requiring  that  the  acceptor 
container  be  chattered  to  one  requiring  that  the  end  of  th> 
explosive  cavity  farthest  frea  th<i  donor  he  expanded  fro» 

0.200  inch**  t*.  0,212  inches  dimeter • 
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Similarly  pivrtici*  six*  affect*  on  ibe  irMaemlaelOii  at 
detonation  may  bo  taken  «*  evidence  -of  the  role  at  surface  burning 
in  incipient  and.  graving  detonatioc.  In  an  investigation  at  such 
eXTects  coarse  sieve  cuts  vers  invariably  Use  sensitive  to,  . 
initiation  than  fine  cuts  of  eight  different  lots  at  tetryi'*^'. 
Typically,  the  critic*!  «ap  for  ifc*  initiation  at  tatryl  which  was 
held  on  a number  35  aicm  v&s  0.126  inches  while  that  rcr  tarry!  of 
the  earn*  lot  which  passed  through  & nunoer  screen  was  C .150  inches. 


Cast  charges  are  less  sensitive  than  pressed  charges  nf  the  sane 
.explosive.  The  difference  is  acre  then  can.be  explained  in  terns  of 
loading  density.  Syster,  Smith,  and  Walton w J report  0.82  inches  for 
us  critical  thickness  a£  vex  barrier  iw  the  initiation.  of  oagt  US' 
(density  1.60)  sad  1.66  inches  for  pressed  T*T  (density  1*5$)*  The 
grain  iiu  of  ee«t  explosives  affects  their  sensitivity,  in  a manner 
similar  to  that  of  the  particle  size  of  pressed  explosives.  In 
nlnimai  booster  tepte  carried  out  by  present  authors  0*)  a booster 
of  9.3  gross  af  tetryl  ves  reaulred  to  initiate  THT  cast  at  100% 
under  conditions  vbax~  "creased"  Zft,  east  at  its  melting  point, ve a 
initiated  by  8.3  grams  of  tetryl.  The  crystals  of  TOT  in  the  ease  of 
the  hot  charges  vers  of  the  order  of  ea  inch  la  length,  voile  those 
in  the  ere  seed  aato.-lai  were  microscopic. 

factors  Belated  to  Confinement 

Bather  few  e^lesive  experiments  are  carried  as.  is  vacua. 
Explosive  chargee  are  generally  sounded  by  inert  (non-explosive } 
media.  Whenever  a detonation  reaches  a boundary  the  shock  is 
transmitted  to  the  adjacent  medium)  with  a resultant  iisplai;  meant  of 
the  interface  between  the  explosive  and  the  inert  medlus.  similarly, 
the  more  gradually  rising  pressure  associated  with  growing 
dnfagreticn  can  cause  actios  or  the  interface*  wnen  • wave  such  as 
a shock  is  transmitted  from  ono  medium  to  another  the  concept  of 
lai-^aaon  coupling  is  umTuI.  The  characteristic  acoustic  tugwl^icc 
cf  a medium  la  defined  ae  ♦•■he  product  at  it*  density  and  the  velocity 
*vt  which  sound  propagates  in  it.  Similarly,  the  characteristic 
shock  impedance  of  a medium  might  be  defined  as  the  product  cf  the 
density  and  the  velocity  at  which  0 shock  propagates  in  the  medlm. 
The  variation  of  shock  with  amplitude  is  reflected  i a variation  of 
the  shock  Impedance.  A rigorous  xrrestcant  this  varieties, 

into  account  would  be  severely  limited  by  the  lack  of  e^uetica  of 
state  date  in  the  pressure  range  associated  with  ds-Ucation 
phenomena,  for  scee  materials,  information  is  avallabls  regarding 
the  velocities  of  shocks  of  this  strength.  For  these  a useful 
approximation  Is  the  assumption  that  tbs  velocity  is  constant  for 
that  pare  of  the  shock  wave  which  is  Important  in  the  pr  pagatian 
of  detonation . 

Ta  another  paper  of  this  conference  (i5)  it  is  shorn  that  the 
length  of  the  head  of  reaction  products  behind  the  detonation  front 
of  a confined  column  of  explosive  is  directly  related  to  the  shock 
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Impedance  of  the  eOjufiaii^  iwlUr.  An  laertianed  above,  the  Icngca 
of'  the  detonation  head  of  the  donor  can  have  an  effort  on  the 
tnxrunalsalon  of  detonation.  In  one  experiment 0-3),  lead  aside 
donors  0.10  inches  in  diai  ter,  confined  in  steel  ,uxd  braes, 
initiated  tatryl  aocopta-  across  reive  gaps  of  0.057  inches  and 
u.uoo  inches  respective!  voile  those  confined  in  alusimm  would 
initiate  the  s»a*;  accept-, -s  acres*  a mettn  gap  of  only  0.030  inches. 
The  shock  impedances  of  steel,  brass,  a */  aiiainun  are  k.2,  3*9;  and 
1,7  a Sft«ur&y Is^  respectively. 

.is  pointed  out  in  the  introductior , the  growth  of  dsteaaticu  in 
the  acceptor  depends  upon  an  1 nareasa  is  yrsssuro  resulting  fra*  the 
excess  of  gaseous  products  and  heat  proauced  by  the  reaction  jver 
losses,  vM;h  are  associated  vith  expension.  In  an  air  gap  test  tbs. 
raai-ward  expansion  of  the  reaction  products  of  a recently  initiated 
acceptor  Is  retarded  by  tie  presence  of  tt , donor  product  gases  to 
an  extent  related  to  their  aass  and  density.  The  resist— ice  of  the 
3 muf  Icing  eeulua  to  radial  expansion  i»  rci&tod  to  its  shock 
Impedance.  Table  II  giro*  critical  air  gaps  obtained  vith  a series 
of  systems  •'hich  were  node  as  slntlar  as  possible  except  far  the 
confining  medium  of  tbs  acceptor,  Use  given  are  Impedances 

of  tbs  accepter  aaterl *1%  ae  obtained  by  SlieU5). 


Confining  Mouiim 
of  Acceptor 

Incite 
Magnesian 
Zinc  (die  cast) 


Brass 

Steel  (SAB  1020 ) 


Shock  Impedance  of.  Critical  Air  Gop1^) 

Acceptor  Confire'jeatv15)  (lead  aside  to  tetryl) 
(eegsrayls)  (0.150  Inch  dlsa.coinensj 

C«7  0.063  Inches 

l.A  0.068  " 

2.6  O.lOl  * 

2 2 0.1*3  " 

k.2  0.105  " 

}•■:  0.153  " 

0.260  * 


Table  1 

Critical  Air  Gaps  Related  jo  Acoustic  lepediuice  a 
Acceptor  Confining  Med i vs 

The  effect  of  cacfinment  upon  acceptor  s«usitlvity  varies  vith  the 
e3piosiye  vterial.  Table  in,  rrae  tone  Measurements  of 
hiawockvl”),  gi.es  critical  eips  obtained  far  a niaber  of  acceptor 
explosives  using  two  systems  which  differed  mainly  in  the  conf  lament 
of  the  acceptor.  Bote  the  inversions  between  tetryl  snd  RDX  -*d 
between  T3T  and  Ccap  a. 


lea 

cj 

«kT. 


♦Ctoft  rayl  or  acoustic  ohm  is  t^ual  to 
c«utJj»e'ser  p**r  second. 


one  grin  per  square 


coiopxnEifriAi. 


.1ST* 


CONFIDENTIAL 


j iiwcnu 


Acceptor  Ibcploaive 


Accepter  Confinement 


xateris.l 

Brass 

Alsainum 

'.’<wp  A 

0.04b  inches 

0.017  inches 

'EHT 

0.049  " 

< 0.010  " 

Cucp  5 

0.0c2  " 

0.03?  " 

retry! 

0-032  M 

C.CSi  " 

t'vwwe 

AU 

0.101  " 

0.050  - 

K.”;3 

****?  .3 


Pi 

Lv.J 


E3 

S0;a 

ssai 
*r'4  •»«=•• 
* to« 

£5^ 

'o^'rSi 


Table  III 

Critical  Caps  for  Various  iOplcwtv'B  for  Two  CoorineBmnts 

•lh«  above  die  cue  e loo  ha«  concerned  itself  with  the  effect*  of 
confinement  of  esploaivee  by  containers  eo  thick  that  they  any  '09 
considered  to  be  Infinite.  Bo  systematic  data  are  at  band  regarding 
the  effect  of  confinement  in  thinner  vailed  vassals  \&aa  the 
treaauieelon  of  detonation.  The  scattered  data  which  are  at  hand 
suggest  to  the  author*  that,  aa  la  neat  confinement  effects,  the 
sensitivity  or  effectiveness  rises  sharply  vith  thlhkim*  at  first 
and  approaches  a vixlmun  at  a point  vho.e  the  vail  thickness  is  of 
the  order  of  the  <11.  meter  of  the  explosive  column. 

Confinement  at  an  air  gap  between  two  explosive  chargee  can 
hi**  a very  large  effect  »c»on  the  critical  length  af  each  a gap. 
Hotlce  the  order  of  magnitude  difference  between  the  confined  gape 
ueed  in  the  experiments  illustrated  in  Figure  5,  and  the  unccnrinsd 
gaps  associated  elsewhere  in  this  paper  with  exploelve  chargee  of 
the  eeae  slxe.  Here  again  syetasatlc  data  are  lacking.  Sodd(^2) 
shsvsd  that,  for  one  systss,  s gsp  astller  in  disaster  *v*w  the  donor 
resulted  in  more  effective  tranaaissica  of  detonation  than  coo  such 
larger.  Using  another  system.  one  of  the  present  authors  showed  that 
a £sn  equal  to  or  slightly  1 r»cr  than  fc*s  donor  r**»0t#4  in  -or* 
reliable  transmission  a gap  somewhat  in  disaster 

the  donor.  With  still  Mother  system,  other*  of  the  present  author* 
could  detect  no  difference  between  a g*p  confined  in  s tube  slightly 
larger  than  the  donor  and  one  three  t£#e*  the  diameter  at  the  doner. 
Ia  all  tore*  of  these  experiments,  tae  armors  vers  a.  voaevus  with 
aetai  cups  and  additional  barrier « were  involve*!. 


Factore  Iovclvi 
the  Charges 


the  Hcture  of  che  Separation  Between 


Host  of  the  experiments  discussed  above  are  determinations  of 
critian]  air  gape  between  coaxial  cylinders  of  exploder.  Aitfiouga 
this  type  of  experiment  is  a convenient  tool  for  the  investigation 
of  the  affects  of  many  of  the  factors  involved  in  the  treneoisoica 
of  detonation,  rast  practical  transmission  problmse  involve  more 
complex  system*.  The  permutations  of  the  interactions  involved  in 
suoa  system*  are  overwhelming  in  number.  The  data  available  ere  too 
diverse  and  "spotty*  to  give  a clear,  connected  picture.  Sens  of 
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thea,  however,  ore  <jutt*  revealing. 

Tt*  trananission  of  detonation  betv**®  two  separated  chargee 
iHYT‘l~3  ttd  *•■*''*' em*  ««■*  ,-iw  ,-r?  5 -fhOCt  y?.v»  froei  the  donor  explosive 
to  toe  iator*r=a:jn«  uadi  as  . through  tha  a*dlus,and  iso  the  acceptor 
o^Ioaive.  tSiniss  ua  shock  issedaaes  of  the  intervenin'  aeditsa  is 
an  exact  match  to  that  of  tl»  cs^iosiTa , the  shock  oust  be  partially 
. either  as  a shock  or  os  » rami  act.....  at  tto  'uterfac*. 

iittovr  type  wx  reflection  will  cause  the  energy  of  the  transmitted 
wave  to  be  lac?  than  that  of  the  incident  wave. 


Tne  application  of  the  ccueept  of  impedance  coupling  to 
datonr.’.ica  ^rsiisatia jtcG  and  tha  Har-tai-toss  of  this  application  aay 
to  illustrated  u»iAj  iCB»  data  of  «yst«r , Sslth,  ssd  {j&It.«s,9). 
D-tarmlnaticne  were  made  of  tha  critical  barrier  through  which 
detonation  could  be  transmitted  fro*  tetryi  boo# tan  to  various 
explosives.  Meacureoante  were  also  Bade  at  the  lent*  aade  In  steel 
by  tetryi  boosters  from  which  they  ware  separated  by  various 
thicknesses  of  the  sene  barrier  materials.  ay  inteiyolrtioc,  theee 
data  aay  be  used  to  obtain  the  depth  at  dent  produced  by  • 
ccabicasion  at  booster  aid  barrier  which  will  Initiate  a given 
explosive  50^  of  tha  tins.  Ril  depth  varies  with  the  barrier 
naterial.  If  it  is  assumed  that  the  shock  isaargy  which  oust  be 
trensadttsd  to  the  explosive  in  order  to  initiate  it  is  independent 
of  the  trarjalasian  mediun  end  that  the  depth  at  dent  produced,  is  a 
direct  swaaur*  of  tho  energy  transmitted  to  the  steel  block, 
impedance  coup  lie"  principles  nay  be  used  to  cossmta  the  relative 
depth  of  dent  which  should  be  associated  with  5ojt  fuse  ;lcatag. 

Table  IY  givea  the  critical  barrier  thickneuses  for  the  initiation  of 
Coop  B together  wita  toe  corresponding  depth  or  cent  ss  interpolated 
rrcss  erptri'ts'stdl  data  and  as  co«™»**d  using  impedance  coupling 
considerations . 


Barrier  Material  Barrier  BiicSr-eas  (5 bj  Poitt)  Corresponding  Dent 


,'U.  ualc.ua 


Polystyrene 
Wood  (oak) 


a em 


« fW£ 
V/.WVAi 


Table  IV 

Critical  Barriers  of  Various  Materials  with  Carrs  spending 
Dents  Produced  In  Steel  Plates 


•Interpolated  from  exueriaort.al  data.  **Cacasuted  using  impedance 
coupling  principles.  •••The  dent  produced  by  the  50ft  ccobiaatian  of 
booster  and  alisoinun  barrier  was  used  m tha  coopntation  of  the 
cc-nputsd  Vurrier  thickness  of  other  a»u*ri*la. 


nngi-  jJWgTIAIi 


■-  3ir..s; 


T %■»>*•.  T .*  ' - 
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It  will  be  acted  that  the  e^ar.v’Matal  and  computed  values  give 
VwaV  agreement  bat veen  aluninvai,  copper,  and.  polys  tymre  ui, 
suaevhat  vors-r?  for  v&x,  while  the  a^jeriineutal  values  for  «ir  sad 
wood  ere  coaspletely  out  of  line.  The  poor  agreenwnt-  for  the  vox 
barrier  u;«y  ruTlaCb  dtj  ?ikl  of  e^uat^on  of  scale  dafca  fur  mii 
rsisrial.  As  pointed  out  earlier  in  this  paper,  the  pi  eaoaaaa 
^sBocietei;  vlth  the  trsnsalscioa  at  detonation  across  air  gaps  is 
too  coogplex  to  be  characterised  in  terse  of  simple  lapadanca 
coupling.  Apparently  this  observation  also  applies  to  vood. 

In  saae  cases  air  geps  and  harrier*  are  combined.  1 special 
case  of  combined  barrier*  and  gaps  la  that  In  vhloh  a relatively 
thin  solid  barrlar  is  In  direct  contact  vlth  the  donor  explosive  anrT. 
is  followed  by  a gap.  Under  these  circus* ounces,  the  barrier 
'material  which  is  hurled  across  the  gap  plays  an  Important:  role  in 
the  initiation  of  the  acceptor.  Siuca  it  taken  sons  distance  of 
travel  far  the  solid  material  to  reach  its  «axi.su»  velocity,  the 
most  favorable  conditions  for  trun  sal  salon  of  detonation  Involve 
an  optimum  gap.  DoddC12)  found  that  the  opt  law  gap  for  one  such 
systen  vaa  about  l/i.6  of  an  inch.  Oraumamsnd  Robertson  U£)  In 
another  system,  involving  transmission  between  a detonator  ana  a lead, 
found  that  the  optima  vis  in  the  neigiborhood  of  t/8  of  an  inch, 
vhlls  sons  of  the  present  authors.  In  a systen  involving  the 
loitlatlcc.  of  HEX  by  a booster,  found  that  the  optima  ves  In  excess 
of  a quarter  of  an  inch.  The  data  in  Table  V were  Obtained  in  tone 
experiments  directs!  toward  determination  of  the  critical  length  of 
booster  for  the  initiation  of  cast  TST.  Zn  these  testa,  the  booster 
vas  veil  confined  both  radially  and  fras  the  rear.  The  booster  cups 
of  alaai :--=  «ud  of  «U«1  lad  bottom*  about  0.070  Incase  thick.  All 
boosters  vere  a mixture  of  hdv  and  wax  (97/3).  la  each  to  Ft  the 
thilsscia  of  boaster  for  5<>p  initiation  vaa  datamtned  by  a variant 
of  the  Sruceton  naetbod. 


Stfcndcff  Distance 


U.OM.1 

w.OAO 

0-1QC 


Booster  Lgaath  for 
Steal  Cup~ 

0.347  Inches 
0.32?  " 

0.215  " 


SOi  Initiation  of  13 T 
Alvatavan  Cup 

o.23£  inches 

c.lSi  " 


Table  7 

Minimise  Booster  Length  for  Initiation  of  T3?T  at 
Various  Standoff  Distances 

An  inter  as  feature  of  tua  results  obtained  with  the  steel 

boost*:'  cup  is  the  substantial  change  in  booster  requirement  as  the 
gap  vu.  increased  frco  0.050  to  0.1CC  inches  although  the  booster 
length  needed  vlth  sero  gap  vaa  not  very  different  free  that  with 
0,050  cap.  An  axplanaticn  which  has  been  proposed  for  this  effect 
is  that  the  velocity  of  the  bottom  of  the  cup  increases  In  stops  as 
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it  reverberates . Kota  that  smaller  booster o a«  squired  when 
aiuainua  cups  are  used.  In  another  experii*Jt(11M  where 
dstarainaticas  were  made  cf  the  critical  thickness  of  a second 
barr:>r  of  otcsl  which  wee  in  direct  onnt-act,  with  an  ESC  acceptor, 
thir.  vss  f ww7«d  to  ho  Ot^^w  Inchu  when  m Lvssinus  c*j$rs 


uat'd  am  c.4U*  inches  v^n  erase  cups  ware  used.  Where  a gap  ia 
interposed  between  a donor  and  an  acceptor  a barrier  in  contact  with 
rh«  donor  cms  help  bridge  it  and  where  i:  barrier  ia  interposed  n gap 
beyond  it  is  conducive  to  improved  transmission  of  detonation. 
Parhu^a  more  surprisingly,  it  was  observed  that  a tetryl  booster 
which  failoa  to  initiate  a charge  of  'V?  when  in  direct  contac".  with 
it  in  t araa  consecutive  trials  caused  high  order  detonation  la  eight 
nf  nine  trial*  when  *n  air  gap  was  Interposed. 


When  the  donor  is  displaced  from  its  alignment  with  the  acceptor 
as  nhuMi  in  Figure  9 the  transmission  of  .Istccation  from  Honor  to 
acceptor  become#  mors  difficult.  In  Figure  10  the  critical  transverse 
displacements  for  the  transuissicn  of  detonation  between  donors  of 
lead  aside  and  mercury  fulminate  and  acceptors  of  various  high 
explosives  are  graphically  compared  with  critical  axial  air  gape  for 
the  eaiae  combinations  of  a ‘plosives.  The  "8"  shape  of  these  curves 
is  apparently  related  to  us  point  at  which  the  expanded  hols  in 
uhi oh  the  donor  charge  had  been  loaded  is  tangent  to  the  unexi*  laded 
acceptor  explosive.  ‘The  initiation  at  bosk  explosives,  Including 
tetryl,  is  apparently  quite  probable  when  the  holes  overlap,  but 
quite  iapi-obable  whan  they  do  not.  This  fact  suggests  that  tha 
initiation  is  related  to  contact  with  tha  acceptor  explosive  of  the 
hoc  gases  produced  by  the  reaction  of  tha  donor  explosive.  Far  the 
sure  sensitive  high  eager  .jivac  jsh  as  HDX  Mid  PICT  the  metal  borne 
shock  in  apparently  a?*  < ‘-.porta*.-  initiation  ssecnaaiss;  -me 
dcforanci-ir  cf  +be  coata^errs  of  these  explosives  sometimes  «howed 
^viaence  that  initiation  occurred  at  r.  point  other  then  the  end. 


OONOft 


Figure  9 

Arrangement  of  Donor  and  Acceptor  in  the  Transverse 
Displacement  Teats 
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Figure  10 

Initiation  lro:.>ertie«  uf  the  SStploalve  Across  Trane  verse 
J>lepW««*nt  and  Axial  Air  Gaps 


In  sons  cases  explosive  charges  are  initiated  by  means  of 
saaller  chargee  which  are  inserted  in  boles  in  tue  acceptor  charges  • 
This  type  of  systea  my  be  quite  effective.  Ana r Engineer  Corps 
special  blasting  caps  of  an  old  lot  which  were  incapable  cut 
irit«Rtin?.  Cssp  E charges  reliably  frcaj  any  asternal  position 
initiated  the  seoe  charges  quite  reliably  ■■•Hen  inserted  only 
0.2  inches  1st  boles  over  *r.  juach  deep.  ILcce  results  w«r-;  retained 
with  holes  ranging  in  dissrtcr  fresa  5/1 6 inch,  which  is  s -loppy 
claaranoe  fit,  to  1/2  inch.  ^ther  evidence  is  also  at  hand  which 
indicated  that  this  type  at  initiation  can  be  <iuite  effective. 

Factors  Involving  Special  Geuaatry 

Cue  way  la  which  detonation  is  transferred  iron  one  alwut 
to  the  next  is  by  the  use  of  the  shaped  charge  principle  in  the 
so  called  "spit  bock"  fuse.  In  the  shaped  charge  a special  shape  is 
used  on  the  end.  of  the  detonator  which  has  tb*  form  of  a cone  with 
the  apex  pointing  into  the  detonator.  The  t-  ^nation,  upon  reaching 
this  r-jaa  causes  it  to  collapse  and  foxes  a J«6  which  cost  •atrates 
an  rgy  and  makes  it  effective  at  cot  sioareblc  distance*.  This 
Is  \»eed  In  certain  applications  In  whlcn  it  is  desired  to  havr  a 
detosator  In  the  nose  of  a sheik  Initiate  a booster  in  the  rear. 

It  r.hyjld  be  pointed  out  that,  since  the  shaped  charge  action  is  oca 
of  concentrating  the  ennrgy  put  out  by  the  detonatoi,  tbs  nrobxua  of 
ci-sing  the  Jet  beseems  critical.  If  thifi  Jat  does  not  strike  the 
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booster  prepwrlcr  1L  *111,  of  course,  not  initiate  It.  It  ithould  also 
W pointed  wot  that,  under  ccao  dreoBetakMws  the  concentration  of  the 
energy  in  two  dlmns ions  by  a shaped  charge  can  raeult  in  greatly 
increased  dispersion  in  the  third,  where  initiation  is  marginal 
because  of  the  natll  disaster  of  the  •Joopr,  the  use  of  a shaped 
charts  con  result  in  -ccplete  failure  (19).  Such  failures  are 
characterised  by  eactrenely  deep  narrow  Voles  in  the  acceptor. 

Ups  has  also  been  nadc  of  the  shape  of  the  boundary  between 
two  explosives  loaded  Into  the  seno  element  to  control  the  fora  of 
tba  detonation  ware  as  it  reaches  the  exit  end  of  the  elsaant.  If  a 
detonator,  for  Instance,  contains  two  explosive  Materials,  the  first 
having  o intonation  velocity  less  ll«a  that  of  the  eacoud,  a curvs-l 
interface ; rigure  11,  Win.  um  tec  explosives  can  be  used  to 
reduce  tbs  curvature  of  the  detonation  wove  as  it  diverges  iron  the 
point  of  Initiation.  If  properly  desisaM  tb<«  could  give  a plane 
or  converging  .are  at  the  exit  end  of  tae  aleaeat. 
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Conclusions 

A *’a;bar  of  reasonable  mechanisms  have  been  proposed  for  the 
transmission  sal  growth  of  detonation,  end  for  the  losses  which 
oppose  these  processes.  The  tsaptatlon  exists  to  propose  a 
ssechflotsm,  preferably  one  which  can  be  reduced  to  eansgsable 
aathimatics,  and  to  try  to  explain  all  observable  phanawsna  in 
tsn&u  {.hereof  • Ton  most  emphatic  conclusion  which  can  be  drawn 
Ta'csz  Ua  observations  discussed  above  is  that  yielding  to  any  such 
temptation  con  lead  only  to  confusion. 

Tha  transmission  and  growth  of  detonation  Involves  a series  of 
chemical  and  physical  processes,  each  (pilte  simple  in  itself,  which 
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conclusions  9jto  ftBnaralitian . Mora  npeol_f  ic  conclusions  wty  rn> 
found  aooye . 
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BMfl'AOT. 

During  the  lest  few  year*  at  B.R.D.S.  the  censitivwkneae  of  a 
large  masher  of  liquid  .•xolostwea,  and  of  a few  aolid  axploaivea,  hae 
been  date ruined  by  the  gap  teat,  In  vhish  the  explosive  la  subjected 
to  a ahock  wave.  It  la  show;!  that  the  sensitiveness  of  liquid 
explosives,  measured  in  this  way,  ear.  be  correlated  with  the  produot, 
4 x Q,  where  & 1 a the  mass  rate  of  ooabustion  at  an  arbitrary  y*m aausw 
of  50  atma,  and  Q ii  1 calculated  heat  of  explosion.  It  appear*  alao 
that,  f-i.  • given  ralus  of  i-x  J,  sens itiveness  increases  with 
increaaing  value  of f Q,  where  ft  is  the  density  of  the  explosive*., 

These  results  have  been  in  'trp reted  in  terse  of  the  following 
model.  It  ie  i*maid  that  the  shock  wavs  initiates  a oonfcua «1<mk 
reaction  in  soae  region  ox'  the  liquid  explosive;  the  meohanimn  and 
location  ef  the  initiation  ia  nut  .et  known.  In  order  to  produce 
a positive  effect,  i.e.  an  explosive  increase  in  pressure  or  e 
reactiva  ahock  wave,  it  is  neoasae-y  for  the  pressure  in  this  ocw- 
buation  region  to  increase  rapidly  and  it  is  rfwwn  that  the  rate  of 
inoreaaa  of  pressure  depends  directly  or  a x Q,  at.d  the  oreeaure, 
and  inversely  on  the  linear  dimension:!  nf  the  combustion  r .glon. 

The  produot,  m * Q,  gives  a broad  correlation  with  sensitiveness 
over  the  renue  uf  explosives  from  those  as  inert  as  ethyl  nitrate  and 
T.N.T.  to  those  as  sensitive  as  the  initiator  olasa.  It  fails,  is 
this  simple  for®,  with  plastic  propellants  but  it  ia  shown  that  this 
apparent  lack  of  correlation  nay  arise  free  the  parti culrr  type  of 
dependence  of  rate  of  burning  on  pressure,  T.N.T.  and  Picric  'old 
have  been  examined  in  greater  detail.  The  sensitiveness  of  liquid 
T.N.T.  at  am  of  preooed  charges  of  granular  T.N.T.  of  di/fet««* 
grain  alecs  over  a conge  of  densities  have  bean  measured.  It  ia 
shown  that  the  sensitiveness  of  pressed  charges  of  T.N.T.  (and  of 
Pi-rio  Aold)  n«n  oe  interpreted  in  tense  of  oavity  initiation,  i.e. 
"hot  spots"  created  by  the  adiabatic  compression  of  gases  in  a 
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cavity.  la  tba  pressed  charges  rt>  far  examined,  initiation  of  the 
orabustion  reaction  la  the  controlling  process  whsreas,  for  liquid 
explosives,  initiation  appears  to  be  easy,  and  growth  (the  rata  of 
increase  of  praaaura  in  the  ooabuation  donain)  is  the  controlling 
procaas.  Li.juid  and  solid  T.H.T.  at  tbs  same  density,  are  about 
eqitally  sensitive  on  both  the  gap  tuat  scales  used  in  this  work. 

7 hi  a agreement  is  shown  to  be  fortuitous  and  this  deduction  waa  later 
confirmed  by  meaeureaents  of  the  sensitiveness  of  liquid  and.  solid 
Picric  lold. 

The  correlation  of  the  rifle  bullet  aensitivenear  of  liquid 
-xplosiva*  with  the  gap  test  sensitiveness  suggests  that  the  rifle 
bullet  initiates  a ooabuation  reaction.  This  idea  is  supported  by 
th*  different  behaviour  of  piaatio  propellants  when  subjected  to 
the  rifle  bull at  teat  and  to  the  gap  test. 

The  initiation  p roc  ms  in  liquid  explosives,  when  asseaaed  by 
tha  gap  test.  Is  discussed  in  tbe  light  of  this  experimental  work  and 
the  negative  uoualusiona  reached  that  the  initiation  is  not  due  to 
the  presonoe  of  snail  air  bubbj.es  or  to  density  fluotuatlone  in  the 
liquid.  The  aeohuJam,  whereby  a low-order  detonation  la  propagated 
in  a liquid  exploai-w , remains  a nyatery. 

The  relationship  between  sensitivaneea  as  aeasured  br  the  gap 
test  arid  by  other  tests,  suota  aa  the  Impact  teat,  is  discussed.  in 
order  to  be  able  tn  do  tide,  a one  measurements  of  the  oonditione  in 
the  gap  test  have  been  node.  The  shook  pressures  necessary  to 
produce  an  explosion  or  reactive  shook  irv  the  explosive  haws  bean 
aeasured,  and  it  is  deduced  from  tbe  results  or.  granular  explosive 
obavjss.  that  the  "wffeotive"  duration  of  the  oreasurs  pulse 
increases  with  increasing  pressure  and  that  this  factor  east  be  taken 
into  account  when  assessing  the  r^aulta  of  the  gap  tea*. 

The  object  of  this  work  was  to  obtain  a detailed  know'll  of 
tha  initiation  and  growth  /recesses  in  explosion  p nance sna,  so  that 
the  pcasibilitles  of  aore  eff . dent  d^esnsitisation  of  explosives 
oould  be  assessed.  For  honogeneous  solid  and  liquid  explosives,  the 
"infcrlnsio"  sensitiveness  oan  be  assessed  from  the  ear  rate  of 
oundnuc,  which  la  a measursabla  pr*perty.  Zt  appears  to  he  difficult 
if  not  impossible , to  lower  the  rate  of  burning,  exoapt  by  reduoiu* 
theaiergy,  which  la  olsarly  undesirtbl  . We  m nx,  therefore, 
concentrate  on  studyirac  the  effect  of  the  physical  state  ef  the 
axploei're  on  ita  sensitiveness.  For  liquid  explosives  we  propoee 
to  study  the  effect  of  increasing  viscosity  on  sensitiveness.  In 
tha  case  of  solids,  energy  can  be  ooneentrated  loyally  by  friotion, 
by  stress  concent  ration  and  by  adiabati”  o'enrasaion  of  tupped  air, 
Scaa  uf  these  footers  nay  be  oontrollable  by  altering  crystal  habits 
and  0"7xtftl  sires.  The  rcle  of  deaensitlsers,  such  ae  wax,  in 
diuoussed  and  it  is  suggested  that  smaller  quantities,  i.e.  less 
than  the  customs  ty  10  - 1?  per  oont,  night  be  effective  if  the 
surfaces  of  tbe  individual  crystals  of  the  explooivs  can  be 


I 


i 

i 


i 

1 


> 


25 


Confidential 


- j 

ri 

?g 


L'SSS&Ht*  -Eirafc^ 


WhitbrwJ  « "iaCTMLT-. 


Confidential* 


aofs?latel7  ocvsrad  with  the  wax. 

It  is  known  that,  for  a given  value  of  3,  the  rates  of  burning 
of  explosive  compounds  deoreaae  in  the  sequence:  nitraaines, 
nit rosy*  compounds  1 nit ro-ooapounda.  It  would,  therefc***,  appear 

to  be  worthwhile  exploring  the  field  of  nitro-ooqpojada,  particiiarly 
of  the  aiiphatio  eeriea,  more  thoroughly. 


1.  IfJ'iiiilDuu'riuKj 

Any  aiscuaaion  or  the  aenat  fclvenese  or  explosives  muat  oonaider 
two  m&iit  faotoret 

(a)  the  meohaniem  by  which  aeohanioai  energy  (in  the  oaae  of 
initiation  by  impact,  shock  wawa  or  friction)  or 
eleotrioal  energy  (in  the  oaaa  of  spark  initiation)  la 
converted  into  thermal  energy,  or  initiate*  tone  reaction 
which  rel '•wet. 4 thermal  energy,  and 

(b)  the  conditions  under  which  a "hot  ■pot",  i.e.  a localised 
region  at  a higher  teqperature  than  the  bulk  explosive, 
will  be  formed  and  grow  until  an  explosive  reaction  ensue*. 

Triis  paper  is  oonoemod  primarily  with  the  seoond  of  theae 
feature*. 

The  conception  of  bet  spo^v  is  by  no  arena  new  (•'.*.  Bowden  snd 
Tcffs,  toi*  *j)  and  i-ns  of  the  serli;.-*;  attaepts  to  put  it  on  a 
•jiantitative  basis  w»s  mnde  by  Ri  f sal  and  Robw^'.^un  (l)  who  studied 
the  xlniaa  aise  and  temperature  of  a ragion  in  &n  explosive  au:*vial 
in  which  the  rate  of  production  of  heat  would  he  greater  than  the 
rate  of  loss  of  heat  by  conductin',  to  the  reat  of  the  explosive. 

Xu  this,  values  of  tie  rate  of  decomposition  of  the  explosive  are 
rsejuirod  under  oerditions  which  admit  only  of  groat  extrap-  latio.i  of 
let*  temper* ture  kinetio  data. 

Another  approach  to  this  problem  was  f :de  by  Adams  and  Wiseman 
(2)  in  th*d«  consideration  of  initiation  of  explosive  reaction  by 
adiabatio  ooraprasaion  of  a cavity  within  an  explosive.  It  is  olear 
that  an  erothermio  reaction,  under  oonditions  auoh  that  the  rat*  of 
production  of  heat  ia  greater  than  the  rate  of  loss  of  hsat,  will 
eventually  become  a combustion  reaction.  These  author*,  therefore, 
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oonrddered  the  conditions  necessary  ti  initiate  a oombuation  reaction 
over  the  surface  of  the  cavity  and  snowed  that  the  imDortant 
properties  cf  the  exploaive  were  the  heat  of  explosion,  Q (cevu)  end 
the  mass  rate  of  burn?.ng,  a^g/ae.2  aeo),  It  w&a  shown  that  the 
sensitiveness  of  the  explosive  to  this  type  of  initiation  increased 
with  increasing  values  of  the  quotient,,  y Q. 

In  order  to  put  aensitiveress  etudiea  on  a note  quantitative 
tails,  It  v?.a  decided  at  B.B.D.3,  some  ye  are  ago,  to  study  the 
sensitiveness  of  explosives  to  shook  waves  by  the  Gap  Teat  (?).  In  an 
analysis  of  these  resales  (4)  It  w*a  shown  that  the  aenaitiveneaa  of 
liquid  explosives  measured  by  this  teat,  could  he  correlated  with  the 
product  a x Q,  where  & was  meaaured  at  an  arbitrary  pressure  of  50a  to* 

Thia  report  la  an  attempt  to  clarify  the  present  position  of 
the  ••.pplloation  cf  these  concepts,  involving  rates  of  burning,  to 
sensitiveness  and  it  falls  into  the  following  sections:- 

(a)  an  analysis  of  the  range  of  validity  of  the  product, 
ft  x Q,  aa  a measure  cf  sensitiveness, 

(b)  an  •xsfilT.atlon  of  the  significance  of  the  gnp  test, 

(o)  an  experimental  approach  to  the  correlation  of  the 

sensitiveness  of  liquid  and  solid  explosives  with  each 
other,  and 

(d)  sees  tentative  suggestions  on  the  mechanism  of  initiation 
ar.d  growth  of  explosive  reactions. 


The  important  footer  In  thia  correlation  is  the  rate  of  burning, 
siaoe  Q for  w safe  <md  strong  explosives  doss  not  vary  by  wort*  than  a 
factor  of  about  5,  wheru«*  ft  «an  vary  by  a *aotor  of  at  least  30  in 
liquid  explosives  (the  difference  between  methyl  nitrate  and  propyl 
nitrate)  ar.l  by  a faotor  of  about  1000  between  an  initiator,  suoh 
as  mercury  fulminate,  end  a weak  explosive  suoh  aa  et  yl  nitrate. 

The  uncertainty  in  the  value  of  Q is,  therefore,  relatively 
unimportant.  Q,  in  this  paper  is  calculated  for  tbe  fcyputhvwoal 
reaction  (at  constant  pressure). 

°x°y  arV  *00  ♦ (y  - x)  H^g)  ♦ ($s  ♦ x - /)  ^ ♦ $w  S2 

If  there  is  aors  than  sufficient  oxygen  to  ozidiss  all  t*s  carbon  and 
hydrogen,  it  is  used  to  oxidise  the  CO  to  C0£»  Theoretically,  the 
heat  of  expi^rlon  should  be  calculated  is  for  a constant  volume 
wtpleaioa  but,  since  the  pro  (fiats  in  transient  reactions  are  now  as 
simple  as  those  indicated  above,  there  would  be  no  gain  in  aoouraay 
in  so  doing  and  we  have,  therefore,  need  Q calculated  by  the  c Loplo 
prooess  given  above.  The  heats  of.  formation  used  are  given  in 
Appendix  1. 

27  Confidential, 


nsJfcja 

uC^  ' <# 


Wniscrtcd  & 'r'-emsa. 


Confidential* 


it  what  pressure  to  compare  the  rate*  ;f  burning  13  not  known 
(thl3  la  diaoueaed  later),  to  have  ujed  50  atms. , where  data  ia 
available,  but  In  ths  case  of  initiators,  it  has  been  necessary  te 
use  a reference  pres sura  of  1 at». 

2.1  Liquid  &XPloaivw8. 

Hany  of  theae  have  been  aeaeased  for  sensitiveness  at  5.H.D.S. 
under  tiro  arbitrarily  chnaea  conditions  of  confinement*-  Soale  I and 
-sale  HI.  (Soale  II  hAe  been  uaed  for  only  a few  cases,  which  are 
referred  to  later).  The  details  of  theae  acaiea  are  given  in  ?sf  3, 
but  for  thia  dissuasion  it  ia  sufficient  to  know  that  Soale  III 
represents  the  "heavier*  confinement,  and  that  a larger  initiating 
charge  is  used  * ich  delivers  a greater  impulse  to  the  test  assembly. 
The  results  for  3c.  l.e  III  ere  shown  in  Table  I and  Wg.  1. 

The  other  simple  forma  of  correlation  are  with  Q,  with  m and 
with  oyQ.  Correlation  witn  Q ia  good  for  tne  organic  nitrates  but 
doea  not  extend  tc  those  mixturea  oontaining  niiro  ccopounda  or  to 
the  Oithekitea  (atoichlo*»etrio  mixturea  of  nltrobensene  and  nitric 
aoid,  with  added  water).  Correlation  with  A /Q  ia  bad,  while  that 
with  a la  fair  but  not  aa  good  as  that  with  a x Q. 

Provisionally,  therefore,  we  shall  aooept  that  the  produot, 
a x Q,  ia  the  beat  correlation  facto**.  In  referenoe  4.,  it  was 
suggested  that,  uu  ih«  available  o.-abuation  data,  the  d:.r.ltrate  of 
butane  2*3  diol  should  be  leas  aenaitive  than  ethyl  nitrate.  Thia 
was  found  not  to  be  true.  A powalble  reason  for  thia  will,  be 


!>id  rvaulut  for  Scale  I are  slicvr*  in  Table  II  and  Pig  II. 

On  3crale  I result*  with  C (the  oard  value)  greater  than  50  cards 
are  not  reyroduoible  end  the  o.'feot  with  C leas  than  5 oarde  la  not  a 
pure  shock  initiation  ainoe  hot  pa.*  .doles  from  the  donor  are  known, 
by  phctesraphir  rbs«rrv*ion,  to  penetrate  the  gap  under  theae 
conditions.  The  main  anomaly  ia  the  apparently  large  diffe  enoe 
between  th»  sensitiveness  of  butane  2jj  did  dinitrate  and  the  75/25 
(w/w)  mixture  of  ethylene  glycol  dinitrate  and  trlaoetia.  These  two 
explosives  have  about  the  »aoe  density,  hea.  of  explosion  and  rate 
of  burning.  A posaihle  explanation  of  this  ia  that  Soale  I only  gives 
a significant  revxlt  when  the  rate  of  growth  of  the  explosion  centre 
from  the  point  of  initiation  is  auffioiently  fast.  If  two  explosives 
oar.  be  initiated  with  aqual  ease  but  in  one  the  growth,  i.e.  rrte  of 
inoreaae  in  pressure,  is  faster  than  In  the  ether  then,  ainoe  the 
ortteruon  is  the  fwaage  done  to  the  container,  vhe  one  in  which  the 
rate  of  growth  ia  faster  will  appear  to  be  more  aenaitive  by  thia 
teat.  Prow  Pig  2 it  will  be  seen  that,  for  a given  value  cf  & x Q, 
the  explosive  having  the  higher  value  of  3 ia  the  more  sensitive.  Xu 
fact,  with  U greater  than  20,  the  sensitiveness  correlates  better 
with  Q triiisi  ♦ x Q.  However,  correlation  with  Q cannot  acconmodata 
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TABLE  I. 

SafSITTTacaa  0?  Liaum  frCPLCSr/as  ™ SCALE  III. 

(4  at  a oaffib’.ratiga  pre3gure  of  50  r.rsa.). 

t 3 hT  i T axQ  ] 
Explosive.  , _ C*  J 

Consonant  A.  Component  B.  s/oar  oa3/g  cn/aca  &-vrr  o*y<-w^l 


Ethyl  Nitrate.  Ethyl  Alcohol. 
100  0 

95  4 


Ethyl  Nitrate,  °ropyl  Nitrate. 


30 

VC 

6o 

0 

Ethyl  Nitrate. 
60 
W 
0 

Ethyl  Nitrate. 

eo 

70 


20 

30 

40 

100 

Mtrc-stethane. 

4" 

60 

100 

NitroBixture,’* 

20 

30 


a r 
xv* 

/A  1 A 

KKf 

1.12 

17, 

Butylene  2:3  Ethyl  Alcohol, 
glyool  ilinitrate. 

96  ; 

1.2/ 

18. 

92.1 

7,9 

1.24 

1?. 

^0.4 

9.6 

1.23 

20. 

84,1 

15.5 

1.18 

21. 

30.1 

19.9 

1.16 

22. 

Nitroglycerine,  Triacetin,. 

67.5  32*5 

1.41 

23. 

65 

*«; 

1.40 

24. 

60 

40 

1.37 

25. 

55 

45 

1.36 

26. 

27. 

Ditbekita  D33  (ooniain*  13?S 
w/w  H^O) 

Dithekite  D20  (contain*  20# 
w/w  H^) 

1.37 

1.36 

1.11  754  0.37 

1.09  662  C.'jl 
1.08  572  0.26 
1.07  534  0.24 
1.05  388  0.18 
1.03  297  0.14 

1.10  662  0.25 
1.1C  603  0.26 
1.09  570  0.23 
1.05  294  0.14 

1.12  840  0.19 

1.13  383  0.15 

1.14  969  C.10 

1.11  757  0.24 

1.12  759  0.19 

1.12  761  0.16 


0.15 
0,  J.ZL 
0.1C9 
0.078 
0.063 


.41  43  30? 

..J4  35  225 

.28  29  160 
.255  23  136 
.19  22  74 

.145  19  43 

.32  37  201 
.285  51  172 
.25  27  j*2 

.145  16  43 

.21  31  176 

.17  29  150 

.115  24  111 

.265  35  201 
.215  29  163 
.18  27  137 


.191  40  13? 

.150  31  96 

.334  29  80 

.092  22  41 

.073  18  26 


lit  • 


41  la  & measure  of  the  thiokness  of  the  gap.  ?ho  gap  oonaists  of 
eards  and  c la  the  rubber  of  oarde  in  t'ue  gap. 

* Nitromixture  * 8^4  nitrooethane  * iTp  2-nitr. propane  (w/w). 
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ssoiTxvarssa  c?  liquid  a-cgLosivsa  cn  soalb  i. 


H 

Ikploaive, 

Component  A.  Cowponent  B, 

i 

Vo*? 

<3  2e  m 

aaUg  as/txo  cf'dm2 

sec 

0 

teQ 

oayoo- 

seo 

Nitroglyoerine. 

Triaoetln. 

i. 

30 

ID 

1.54 

1266 

1.02 

(1.53) 

65 

1341 

2r 

a? 

15 

1.50 

1124 

. 69 

(0, 9<S 

47 

1060 

X 

J • 

82.5 

17.5 

1.49 

1049 

.54 

(0.78) 

31 

Ulo 

4. 

80 

20 

1.47 

970 

.44 

.65 

26 

C30 

5. 

75 

25 

1.45 

8U 

.29 

.42 

22 

341 

6. 

70 

SO 

1.42 

6% 

.21 

.285 

3 

185 

3tqylena  Glyool 

Triaoetln. 

Dinitrate. 

7. 

89 

11 

1.45 

1267 

.56 

.81 

52 

1037 

8* 

64 

16 

1.43 

1108 

.43 

.6? 

29 

683 

s. 

80 

20 

1.41 

987 

.305 

.43 

27 

429 

ID. 

7h 

25 

1.39 

838 

.215 

.30 

21 

254 

Bthyl  Nitrate. 

1.11 

754 

.37 

o.u 

2 

309 

Nitronethane. 

1.14 

969 

,1U 

.U5 

5 

in,* 

nt  tbeklte  020. 

(1.36) 

1346 

- 

• 

4 

Dithakite  D13. 

i.i7 

1265 

m 

m 

£0 

(i&0)A 

Butane  2t3  did 

dinitrate. 

1.303 

815 

.22 

.285 

6 

232 

i_- — 

f.S.c  N, 

1.39 

989 

.61 

,85 

27 

841 

* a x Q value  from  Fig.  1 


i 

<* 

. 1 

Z*:4 


COshrki  £e  ;20  or  D13. 

2. 2 Rates  of  Duniina  of  Liquid  2xpjLosivea.. 

v The  values  of  a quoted  in  Table  1 and  lable  II  are  fo"  a 
{xSabustion  pressure  of  50  vtas.  The  sources  or  this  information  are 
in  referetsoe*  5»  6*  7 and  8.  Values  in  braaketj  were  obtainod  by 
extrapolation  o*  the  plot  of  log  m agairist  Q.  Valuer  for  the  series 
based  on  the  dinitrate  of  butane  2i3  diol  were  obtained  frew  the 
results  oft, the  other  glyool  dinitrates  (ref  7)  since  the  log  h value 
gives  a linear  relationship  with  Q. 

Ths^y.lluss  of  (a  have  beer,  deduced  from  the  linear  rate  of 
regression1 of  the  liquid  meniscus  when  the  liquid  burns  In  a 
oapillarystube.  There  is,  therefore,  some  uncertainty  in  the  value 
of  a alum  it  is  nor  Known  whether  the  name  so  »e  xa  parallel  to  the 
uirniaouM  ut  flat  *ud  perpendicular  to  axis  of  the  tube  in  which  the 
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liquid  is  bUiVtv.  ?\n  iheraore,  the  shape  of  '.he  senisous  Varies  sots** 
"M«t  with  pressure  and  nature  of  trs  icsiv s«  there  Is,  therefore, 
both  an  absolute  end  a relative  orient  tainty  in  the  values  of  ft.  This 
aspect  has  been  considered  by  Stocks  (C)  bat  we  propose  to  Ignore  it 
in  the  treatment  of  this  report  aiose  the  ureertainty  in  the  rate  of 
yi*rnirig  la  of  about  the  oame  order  as  the  uncertainty  in  Q. 


It  is  shown  later,  that  ths  shock  pressures  u.  gap  test  initiation 
ace  of  the  order  of  10^  s^s.  If  the  rates  of  burning  depend  linearly 
:.n  the  pressure,  any  reference  pressure,  e. g,  pO  etas,  can  be  uaed  to 
uumuare  the  magnitude  of  the  product,  m x Q,  for  different  exp  lea  Ives, 
Per  nost  of  the  explosives  examined,  the  rate  of  burning  is  a linear 
function  of  th  s pressure.  The  rata  of  burning,  at  * given  pressure, 
inoreases  smoothly  with  inareaaing  0,  but  it  has  been  found  that  the 
explosives  examined  fall  into  a number  of  classes.  The  evldi::_:i  is 
as  follows  (7,  P)i  at  50  atma  if  log  m is  plotted  against  Q we  find 
thatl- 


(*)  propyl,  ethyl  and  methyl  nitrates,  mixtures  of  ethyl 
and  propyl  nit rates  end  ethyl  and  methyl  nitratoa 
diluted  '.''th  hydrocarbons  or  alconola  lie  on  a straight 
line. 


(b)  glycol  (ethylene,  propylene,  butylene)  dinitretus  also  # 
lie  on  a straight  line  but  for  a given  value  of  4*  the  m 
values  are  about  half  those  in  (a), 


(o)  mixtures  of  nitroglycerine  with  triaoetin  lie  on  an 
Intermediate  line, 


(d)  an  ether  link  in  ths  molecule  l-ads  to  an  increased  rate 
of  burning,  e.g.  D.i.C.N,  coopnred  with  glynol  dinitratee 
and  CHj.O.Cl^.CNCa  --'Spared  wit'-,  the  alkyl  nitrate*. 


It  is  difficult  to  3ee  why  the  rates  of  burning  of  methyl 
nitrate,  nitroglycerine  and  ethylene  glycol  dir.  rate  should  differ 
so  much  since  the  heats  of  explosion  are  approximately  the  seme  and 
it  is  probable  that,  at  high  pressures,  the  rate  cent  oiling  reaction 
is  the  reduction  of  NO,  At  high  ocmburtion  temp  are turce  this 
reaction  probably  proceeds  by  the  hoooveneoiw  Meohuniaw. 


NO  + N0-*N2  ♦ 02 


The  homogeneous  biaoieotnar  decomposition  c f NO  has  a large  energy 
of  activation  (70  to  SO  k.  oal^mole)  and,  therefore,  th*  -s  may  be 
other  routes  for  the  reduction  of  NO  at  lower  combustion  temperature* 


From  these  facta  and  disoussion  it  appears  possible  that  tho 
rates  cf  burning  of  the  hotter  organic  nitrates  at  high  pressures 
depend  uuly  on  t^e  value  of  Q.  This  would  explain  the  ratner  b^tto* 
correlation  of  G with  y,  on  Scale  I,  than  with  it  x '4.  Secondly, 
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•be  vs  50  ataa,.  the  rate  of  burr, in*  of  et.sv.0.  nitr.it*  depend*  approx- 
imately on  V.P,  and  therefore  the  rate  of  burning  of  ethyl  nitrate 
ajuiaa*  may  t , at  — jffioier.il  y iii»h  preaenrrs,  b«  appreciably 
diffC.’ ft wd  thOac  vf  uuajpual  uassJ  Oil  the  dinitrate  of 

butane  2*5  dir*!  and,  henna,  the  correlation  of  0 with  s s Q ou  2u*i* 
III  might  be  hotter  than  that  sheen  in  Tig  1 if  the  rates  of  burning 
at  high  pressure*  were  known. 

2.3  Solid  3a/iw’iy*a. 

Tiie  sensitiveness  of  a created  solid  explosive  depends  e*rk«*Uy 
on  the  grain  site  and  packing  density  and,  of  a oast  explosive,  on 
th«  crystal  *1»*.  It  la,  tharaf  ji-a,  uui  laaBodialeiy  curious  under 
what  wo;*'i  wiohe  uo«ipari,3o»»B  of  aotisitivnnesa  should  be  Bade. 
(Qualitatively,  iwifererf  the  feotor  % z <g  a roe  appear  to  give  good 
oorr elation.  Available  results  are  shown  in  Table  IXI. 

TABLE  HI. 

HAT33  OP  BULKING  OP  <*QLID  EXPLOSIVES. 


CoccpountUi, 

1 

Rata  of  Iteming 
ca/aca.&'agz. 

Density 

* Pressure.  Q a=Q  . Ref. 
g/o*r\  ei»e.  oBl^eayear 
seo. 

• 

r 

I 1*  Mercury  Ptilolnet** 

1.55 

5.5 

3.80 

1 ;ro 

2360 

9 

j 2.  Trixxltrotriaaxdooenaana. 

0.62 

1.05 

1,70 

1 1280 

1350 

9 

! 3.  Pot%n«i»«  Plorate. 

3.50 

2.75 

1.83 

1 4^9 

*• 

9 

1 1.  DI*  >**  t;  op  nmol. 

2.15 

3.1 

1.45 

1 - 

- 

9 

i 5 Lead  3typhnate. 

*?r, 

lodes 

3.07 

1 bio  >12000 

a 

6.  4C?«  * * % 60"  talouft. 

14.5 

e» 

1 - 

m 

9 

7.  R.D.X. 

x( 

53 

1.60 

1000  1250 

73 

30 

I 3.  P.3.T.N. 

17 

57 

1.70 

1000  1390 

51 

10 

9.  Tetryi. 

3-9 

13-14 

1.57 

1000  920 

12-13 

10 

1C.  f.H,T.  (oast). 

13-14 

22 

1.60 

1000  653 

14.5 

20 

11.  w i L r ot-  lyue  ride. 

0.2 

0.3 

1.59 

1 1466 

uo 

2 

12.  llethyl  Nit rata. 

0.1 

0.12 

1.20 

1 1450 

175 

2i 

13.  Ethyl  Nitt  at*. 

0.008 

0.00s 

MO 

1 754 

7 

J 

Notes  to  Table  1H. 

(1)  » x q estimated  at  P * 1 etna,  (linear  extra^  elation  being  used 
to  obtain  n where  neoeaaar 7). 

(2)  Q nb  /.lasted  ad  deaoribed  previously;  any  Betel  assumed  to  be 
present  in  normal  state. 

(5)  Only  approximate  figu.  js  ox*  the  d*naitiea  of  H.1J.X. , P.E.T.N. 
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ar.^  t<*tryl  are  quoted  ulnae  thr  rff*t.8l  t JL'.'B  US^i  ar3  liv/i**  ifl 

Ref  10. 

(4)  H^tes  of  Burning. 

(a*)  Below  1 a 'an  pressure,  m t:r>*  a1*  tmrriing  01  t?imtro*rrissidO“ 
Swysene  a'Jd  tseroury  fulainate  depend  linearly  cn  the  prtiaaurs 
(12);  4*00*4  1 a*®  rr*:r-.*r*  there  are  rw  data. 

(by  Ii«J  u<<ta  or.  the  aulid  high  explosives  may  not  be  reliable 
since  they  were  obtained  from  p/t  reoorda  of  ths  combustion 
of  granular  material.  Further  «e  find  it  diffioult  b> 
accept  iijai  T.N.T.  bums  raster  .nan  tetryl  since  teti""x  is 
..».*.  <ui  xs  c .-rcxne,  and  xr»  gsnerax 
nit.'xxiir.^^  ui-rii  faeter  *?*»k  niirar^rirncarboaa  (refs  4 and  7)* 
, The  only  other  data , :mawn  to  the  authors,  is  that  of 
t Andreew  (ref  15}  quoted  below. 

DATA  OP  ANDRggff. 


oQkWQK* 

B _ 

3/ on^/seo. 

CONDITIONS. 

P.R.T.S. 

0.055 

130°0 

R.D.X.  (a) 

0.057 

100°C 

Tetrvl.  'll 

n ifi 

1 »*<Vi 

T.N.T.  Jaj 

0.017 

rooa  taq>. 

T.N.T.  (l) 

0.033 

250^0 

(0)  The  rate  of  burning  of  nitroglycerine  l#  also  ob«aj.i**»  *ros 
data  of  AnArefW.  Other  date  an  nitroglycerine  dilui.ei  with 
ij>iuo»tin.  obieijj-d  at  8,3.0, 3.  suggest  that  the  rate  of 
burning  of  pure  ni  *aglyoerine  ib  much  n*ara?  to  that  or 
methyl  nitrate  than  the  value  given  in  Table  III. 

Tho  avquoius  of  the  vaiuss  of  is  is  0 la  Table  TZ!  ia t •*  luli.j«‘-uvr. 
nitroglycerins,  aethyl  nitrate,  (B.D.A. , P.I.T.K.),  (Tetryl,  T.f.'.v. ) , 
and  ethyl  nitrate,  whioh  is  in  good  casement  with  ths  accepted 
aaquonoe  of  soniit ivansis  and  also  with  gap  test  results,  e.g.  T N.T. 
lees  sonaitive  than  Tetryl  (19)  and  T,J!.T.<  Tetryl<R.D.X,<  P.l.T.N. 
(20).  The  small  anomalies  e.g,  inversion  of  R.D.X.  with  P.S.T.N.  and 
T.N.T.  with  t Jtryl  may  h#  due  either  to  arrors  in  atesaured  rat*s  of 
burning  or  non-linear  dependeno*  of  rats  of  burning  on  pressure.  The 
quAntltative  vslus  of  the  aoale  la  suspect  in  eny  oast,  because  of 
the  naglsot  of  the  mechanism  whereby  energy  is  transmitted  to  the 
axylorive  and  converted  into  thermal  energy  and  it  aewss  unlikely  that 
thi.*  ia  the  aame  for  liquids  and  crystalline  solids* 
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In  the  absence  of  “triotly  quantitative  data*  we  oan  conclude 
only  that  (ft  da  an  important  factor  in  she  jonsi  fciveness  of  solid 
explosives,  and  not  that  ft  x '%  has  a quantitative  significance. 

r««$fof*  o»>vjludiatf  this  auction,  it  should  be  pointed  out  that 
there  i*  an  upper  limit  to  the  rate  of  ooabuation*  Compound*,  wives 
*-i.i;c2*  rato  of  burning  la  greater  than  this,  will  therefore,  ahew 
no  oombu  tion  regime  on  iiutiation  (o.f.  Bowdeu,  Bef  13)  but  will  give 
Immeti.’Hte  detonation.  Certain  of  the  a i idea  may  a hew  this  behaviour, 
further  consideration  of  the  matter  la  given  in  Appendix  IX. 


t’laetio  Uateriala. 


ihe  plastic  mmlerialu  considered  are  Plastic  P rcyellants,  vhiob 
consist  of  a crystalline  oxidant,  e.g.  ammonium  perchlorate,  oeae.itad 
with  a cinder  »uo u tut  pulylaouut/lene  and  a watting  agent,  e.g. 
lecithin.  Some  gap  test  results,  on  Scale  III,  are  given  in  Table  17, 

The  0 values  in  Table  17  are  much  smaller  than  would  be  expected 
from  the  value  of  ft  x Q.  Airther,  the  presence  of  materials,  e.g. 
Cr20-,  which  catalyse  the  low  pressure  combustion  process  appears  to 
have' a slightly  negative  ef foot  on  the  sensitiveness.  This  may  be 
because  the  oatalyst  has  no  kinetic  effect  under  the  pressure 
oonditioas  of  ths  gap  test  and,  therefore,  reduces  tbs  rate  of  burn- 
ing by  loweriuig  the  value  of  Q.  The  effeot  of  occluded  air  on  the 
sensitiveness  of  plastic  propellants  is  similar  to  that  produced  by 
air  bubble*  in  lipids. 

Two  possible  reasons  why  the  0 values  should  be  unexpectedly 
low  oan  be  suggested.  Firstly  the  pressure  exponent  «f  ♦he  rate*  of 
cumin-  i,  about  0,7.  i.e.  leoo  than  unity  end,  therefore,  the  value 
of  ft  x Q under  the  pressure  oonditlons  of  sue  ebook  wave  would  be 
very  much  leus  than  if  the  pressure  exponent  were  unity  as  is  eppenrs 
to  be  for  many  one  phase  systems.  Secondly,  ths  transmitted  shock 
pressures  in  the  explosive  materia*,  depend  on  Vue  physical  properties 
of  the  latter  and  may  be  greater  or  smaller  than  the  pressure  of  ths 
insidont  shook.  Relative  to  liquids,  this  would  have  the  «<“feot 
of  displacing  the  card  values  for  a given  range  of  ft  x Q w.thsr  V> 
larger  or  smaller  values. 

3.  3IGWIFICANCB  OP  SAP  TB3T. 

3,1.  Tn  an  adiabatic  system  having  perfect  mechanical  oonfinsasat 
any  compound  which  decomposes  exothermically  will  eventually 
explode.  The  tines  required  for  this  to  iiappen  are,  however,  "ary 
long  at  ordinary  temperatures.  If,  in  such  a system,  * sufficiently 
large  "hot  spot-  is  formed  then  the  resultant  explosion  will  osntrc 
about  tin*  point.  In  practical  system*  ths  critical  energy  required 
to  start  *r,  explosive  event  depends  very  suob  on  the  mechanical  and 
thermal  confinement.  Lot  us  now  consider  the  gap  test  with  these 
ideas  In  mind.  In  the  gap  test  a strong  shook  or  sequence  of  stocks 
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gap  aaiarrivanas  (scais  iit'i  op  plastic  ^oPurjxTm. 


(im  Pig.  3)  is  transmittal  to  th*  explosive  utular  examination,  the 
explosive  being  contained  In  a standard  wul,  a natal  tub*,  tba 
oritarloa  of  a poeit<  v*  offaot,  l.a.  addition  of  energy  from  the 
explosive  to  the  shook  at. - a,  on  Soale  I la  the  fragmentation  of  the 
container  and,  on  Soale  HI,  the  tearing  of  a natal  end-? lata.  The 
initiating  shook  la  not  sufficiently  strong  to  oa<*>«  such  damage. 
Ihio  iopliea  tint  to  gat  a poeltive  effeot  el4,  mi  a reactive  ahccV 
not  necessarily  a otabls  one,  nrurc  be  propagated  through  the 
explosive  or  there  must  be  a rap/ * increase  in  pressure  above  that 
of  the  shock  pressure  transmitted  ta  ths  explosive  from  the  donor 
aoroaa  the  gap. 

It  is  neoeeaasy  at  this  stage  to  anticipate  our  oonolnaion  in 
ardor  to  clarify  diaoussion.  In  seeia  way,  the  Initialing  shook 
* Sarto  an  exotherm lo  r emotion  at  some  point  or  points  in  the 
explosive.  Ve  shall  regard  this  axothamio  reaction  as  a ccmbuatic- 
reaotion  and  dafina  this  whole  process  aa  initiation.  Under 
favourable  or.nditions,  l.a.  a sufficiently  high  initiating  pressure 
end  Adequate  confinement,  the  pressure  a l the  point  or  points  of 
Initiation  will  inoroaie.  This  process  we  cell  growth.  If  the 
dinefisiosa  and  oonflneeent  of  the  explosive  are  large  enough,  this 
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growth  process  will  lead  to  the  formatter  of  « *]***! c wav*  of  auffio- 
lent  strength  to  initiate  s»ore  explosive,  l.e.  a reactive  shook  will 
ba  fo»w*ti,  and  eventually  a stable  detonation  wave  Buy  be  produced* 

We  imagine,  theircfora,  the  aanuenoe  oi  events  to  be  as  fcllowsj- 
init?  ation«^  growth-^  reactive  ahocic^rdetonation  wave. 

The  growth  process  «ay  be  sufficiently  vigorous  to  give  & pesitlte 
effect  in  the  teste.  In  Scale  I,  the  ph>tographio  evidence  shows 
that  ir  dlethyiene  glycol  dinitrate  a lor  velocity  detonation  wave  La 
propagated.  The  * positive  effect11  in  Scale  I is  sufficiently  large, 
i.  e,  fragmentation  of  the  container,  to  support  the  photographic 
evidence  that  a detonation  ***»  is  produced.  The  "positive  effect" 
ia  such  weaker  in  Scale  III  and  it  la  impossible,  at  oreaent  to 
state  whether  an  explosive  reaction  or  an  unstable  react!?*  snook  is 
produced. 

A priori  there  la  no  "*aaon  to  aaauate  that  eaae  of  initiation 
will  run  parallel  with  ease  o*  growth  as  we  pass  frsa  one  explosive 
to  another.  The  t«u  cases  of  particular  interest  ar*t- 

(a)  initiation  ears*  growth  difficult, 

(b)  initiation  difficult,  grow"**  *«iey, 

In  case  (a),  the  explosive  will  have  to  be  over-initiated  in  order 
to  get  a positive  effeot  in  the  teat.  In  case  (b),  a shock  pressnrs 
aui'flolent  to  initiate  the  explosive,  will  produce  a reaotiva  shook 
of  sufficient  strength  to  give  a positive  > vault.  It  does  not 
roliow  therefore,  that  the  gap  test  neotssarlly  eeaaures  the  sane 
property  for  all  explosive*. 

On  an  empirical  basis  It  oar  W*  argued  that  the  gap  test 
seas urea  eaae  of  propagation.  Sane  sort  of  asaesanent  of  ease  of 
propagation  own  be  node  by  examining  the  propagation  of  detonation 
of  explosives  in  tubes  of  dlffer.'.ig  dimensions.  In  a few  oases 
direct  comparison  with  gap  teat  results  Is  possible.  Such  results 
are  given  in  Table  V (details  of  the  propagation  test  arr  given  in 
ippenuix  1 7)i  tho  figures  in  the  "Hc-uits"  ociunn  gi*c  the  Bininw 
tube  diameter  in  which  the  explosive  pr/>^g*i,ea  detunaeion  under 
the  conditions  of  test, 

Sxpioelve  1 prooasatea  more  readily  than  explosive  B despite  the 
fact  that  it  is  less  sensitive  than  B,  In  aaoh  pair  the  explosive 
*!iich  propagates  better  has  the  higher  value  of  Q.  This  Halted 
evidence  suggests,  that  deals  in  aeasures  either  ease  of  initiation 
or  "build-up"  of  an  explosion  wave  (growth)  rather  than  ease  of 
propagation. 

In  Ceale  I the  initiating  shook  is  wtaker,  the  ohargs  disaster 
ia  scalier  and  the  wall  ttaiolcaeae  of  the  netal  oontainer  less  than 
in  Sonic  III.  It  is  also  possible  that  the  accepted  indication  of 
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i~rn_o:r/y. 

GAP  TEST 

Q 

2CAI3  in. 

oaVk 

A 

Sk 

KpS.,  54,#.  ) 

i 

N,a«i:o*  36.#.) 

HgO*  S.%.  ) 

10  ‘ 

570 

B 

Prenyl  Nitrate. 

16 

294 

A 

Dithekite  D13. 

30 

1265 

a 

athyx  hitrate. 

A3 

•ne* 

M 

*•*  V A'«wC«C  tt Mfci » 

ft* 

* *4 

B 

Ethyl  Nitrate. 

43 

754 

A 

Nitrcaethane. 

24 

969 

B 

6<yi»0  StCfcW?rCKC 

Ml 

2* 

#(W 

RESULTS  OF 
PROPAGATION  TEST. 
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& positive  result,  namely  fragmentation  of  the  containing  tube,  ia 
more  rigorous  than  that  required  in  XU.  In  reference  to  Fig* 

2 it  was  pointed  out  that  for  a given  value  uf  a x <j,  the  explosive 
with  the  higher  value  of  Q was  apparently  the  sore  sensitive.  It 
was  shown  in  Section  2.2,  however,  that  thla  erreot  may  also  be  due 
to  uncertainty  in  the  value  assigned  to  the  rate  of  burning,  that 
observed  differences  in  rates  of, burning  at  low  ooabu3tion  pressures 
disappear  at  pressures  of  lCr  or  1<T*  a tea.  Another  aspeot  of 
the  natter  ia  shown  in  Fi".  A where  ths  explosives  sssasssd  on  Scale 
I are  plotted  on  a grid  of  8i  x 3 and  AbQ,  A,  being  the  density  of 
the  explosive.  Ths  explosives  fall  arbitrarily  into  two  oiaaseei- 


(a)  0>l6. 


and 


(b)  c46. 


and  the  field  oan  be  divided  in  auoh  a way  that  tha  tiro  classes  are 
separated.  It  appears,  the  vfore,  that  « C value  less  than  acne 
value  between  6 and  16  m Soale  1 has  no  quantitative  aigniflainoe. 
For  a given  value  of  4 x Q,  f*eQ  must  he  above  a certain  value  before 
Socle  I gives  significant  results.  We  shall  aawusa  therefore  (see 
argument  in  Section  6,2)  that  only  explosives  in  which  the  grow*’!  ox 
the  explosion  oentrs  is  rapid  oan  be  assessed  on  Soale  1}  in  other 
words  ease  of  initiation  or  of  growth  of  the  explosion  centre  is 
measured  if  Q is  largo  enough  The  factor  ia  larger  for  ethylene 
glycol  dinitrat^/triauetin  (-5/35)  than  for  butane  2tJ  diol  dinitrate 
and  thus  may  be  the  cause  of  the  large  apparent  difference  in 
eensitivoneas  on  Soale  1, 

3.2  Ths  gap  tsat  technique  was  originally  selected  for  this  roric 
at  S.R.D.2.  because  it  was  thought  that,  in  prineipla,  ths  strength 
uf  die  initiation  shock  could  be  measured.  The  properties  or  *he 
thock  wave,  which  appear  to  be  important,  are  its  p?ak  pt  assure, 
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r9?.co.'.  tjr  *nd  thickness  from  which  can  be  deduced  the  tits  for  which 
jr.V  element  of  e:ipl.oaite  io  subjected  to  treasure.  «>  have  not  yet 
ob'.ained  adequate  photographs  of  the  shock  waves  in  liquids  s'ifc^eetad 
to  ?ep  testa  but  the  photog/apha  so  far  obtained  (Tig  y)  3.10*  that 
there  is  a succession  of  aho.-k  waves.  Knwaver,  aeaaurraonts  of 
shock  preoaMree  have  been  made.  The  mein  difficulty  in  measurement 
1::  one  of  principle.  If  a shock  wave  passes  freo  one  medium  to 
another,  the  4'uuck  prepare  in  the  eeoond  medium  may  be  higher  or 
lower  than  the  wreck  pressures  in  the  first,  Tor  weak  *hocks  the 
criterion  la  tha  aooustio  impedance,  i.e,  product  of  velocity  of 
sound  (0)  and  the  density  (p).  If  the  aho.k  is  travelling  fro*  a 
medium  of  low  impedance  (small  ft  0)  into  one  of  high  impedance,  the 
miuok  pressure  in  the  eeoond  medium  will  be  higher  than  in  t.ie  first. 
It  follows  rrnm  thi«  that,  measursanent  of  the  shock  pressure  by  the 
methods  ueaorlbed  below  may  not  give  «.'»«  pressure  in  all  explosives 
since  they  differ  so  much  amongst  themselves  in  physical  properties. 

Pape  (11)  has  measure*  the  pressure  in  two  ways«- 

(a)  by  transmitting  tha  aback  to  a Hopkinasn  bar,  and 

(b)  fey  transmitting  the  shock  to  water  and  calculating  the 
shook  pressure  from  the  measured  velocity. 

Both  methods  of  measurement  git's  about  the  seme  values  for  the 
pressure  (see  Tig.  5)  although  the  fora  of  tb*»  curve  is  rather 
unexpeotod  in  the  case  of  water.  The  main  point,  however,  is  that 
'u'.m  pressures  are  about  the  same  despite  the  lul ,'ge  difference  in 
aooustio  impedance  between  water  and  utesi.  It  should  be  noted, 
however,  that  the  Hop  kina  on  bar  result  is  a time  averaged  result  (for 
h»v*  figures  quote  1 below,  the  tine  Interval  is  5 flaecs} , whereas  that 
f*-*r  the  velocity  in  water  is  an  ina'cintsuiwous  one  for  the  leading 
shock  wave  (see  Pig  3).  Howevwr.  tH*  Hookinsm  bar  results  are 
simple  and  are  aa  follows 

Scale  Z log  i qP  ■ • b.  0339  C ♦ 63. 

Scale  in  log  ioP  * - 0.0250  0 ♦ i*76. 

where  i*  i a measured  in  aims  and  C is  the  number  of  oards  in  tha 
attenuating  jtaok. 


Measurements  with  fewer  than  30  cards  were  not  significant 
because  permwiten*  damage  was  done  «>  the  Hcpkinson  bar  and  above  50 
cards  the  results  were  not  reproducible.  Extrapolation  below  30  cards 
is  probably  permissible  but  not  above  50  card a (gap  test  results  are 
irreproduoible  at  oard  values  above  50), 

The  estimated  minimum  pressure  required  to  obtain  a positive 
result  with  .Oithekite  D13  on  Soale  IH  is  about  1.0  x lO”*  state  and 
about  1,2  x lcA  atma  on  deals  1.  The  only  other  oases  for  which  a 
direct  caapa risen  is  ponaible  fall  on  that  part  of  Scale  t where  the 
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results  flu  net  appear  to  have  quantitative  significance.  If  a Is  » 
linear  function  of  I*  and  the  ra’eos--k>.a  measured  by  the  Hopkinson  bar 
are  reliable,  the  value  of  a x Q at  the  initiation  pressures  for 
explosives  can  ft*  es tinted.  On  Softie  1 (C  ^16)  the  valup  of  s x„Q 
is  about  5 x iCr  osj/oo"  see  and  on  Soale  111  about  3 x 10 * osl/co4, 
see.  The  scatter  it*  quite  large.  as  the  results  in  Table  VI  show, 
but  nevertheless  the  rates  of  energy  release  retired  fo*  initiation 
Soale  1 do  aope-tr  t-j  be  significantly  higher  than  those  required 
on  Soale  111.  This  is  to  be  expected  in  view  of  the  lighter 
condition!  of  confinement  in  Scale  X. 

T+;  pperiSUSlT  tK***  ^ *1  TfcH  *3 

(Table  IV)  are  less  sensitive  than  expected  from  the  value  of  & x Q. 

It  «m«  led  a reason  for  this  night  be  chat  the  pressure 

Ca|7wmC**«  O * i/uvi  tdtla  oa  wtuTuii^  *4  xotm  VM4AO  UI1X  tjf*  Aamfing  inAi 

the  oritioal  rata  of  energy  release  on  Soale  III  is  3 x 10*  oa 1/mr 
sec  (Tabic  VI)  than,  (a  x Q)V(n  x Q)2  « (Pj/P2)n,  where  a ia  the 
Pressure  exponent,  subscript*!  refers  to  raterencs  ooadltioua  (e.g. 

50  a tons  for  liquids,  1000  p.a.i.  for  plastic  propellant)  and 
subscript  2 to  the  conditions  in  the  initiating  shock  i.e.  (81  x Q)2  ia 
3 x 10*  o«3/oo2  seo  and  P2  °*n  oaleulated  from  the  value  of  C. 

The  abpve  souatios;  .'nr  Plastic  Propellant  can  be  written:  (m  x Q)j/ 

3 x 10*  * (6fi/P->)n.  Values  of  n have  oeeo  oaloulated  for  the 
compositions  HD  220C,  U 202,  S 260,  and  IS  2 Si  (Table  IT),  l.e.  for 
compositions  containing  no  combustion  catalysts.  The  values  are 
0,41,  0.40,  0.44,  and  0.50  respectively.  Although  lesa  than  n deter- 
mined at  lor  pressures  (1000  p.s.i.)  such  values  are  not  unreasonable 
and,  therefore,  the  low  sensitiveness  of  Plastio  Propellant*  **y 
be  ascrioed  to  tfteir  combustion  properties  and  not  to  their  physical 
properties. 

j.j  It  can  be  concluded  from  this  lie  suasion  that  the  gap  test  does 
not  measure  ease  of  propagation  of  detonation  but  ease  of  initiation 
anchor  the  growth  faotor.  It  appears  that  at  least  a low-rrier 
detonation  is  produced  titjder  the  conditions  of  Scale  I but  it  haa 
not  been  proved  whether  a poj.tive  result  on  amp  test  Soale  III 
involves  a low-order  detonation,  i.  3.  the  rate  of  growth  under  the 
conditions  01'  Soale  III  may  oat  be  sufficient  to  set  4>  e reactive 

siu;<i(v. 

4.  HIHi!  BilLLBT  S3N5ITIV5N3SS. 

4.1  Liould  Sxplosivea. 

It  was  shown  in  Ref  4 that  the  sensitiveness  of  liquid  explosives 
to  rifle  bullet  attack,  unler  the  conditions  specified  in  -ief  14, 
could  be  correlat'd  with  the  sensitiveness  on  gap  test  (heals  III). 

An  explosion,  nr  partial  or  complete  detonation,  was  accepted  as  a 
crllmion.  It  is  possible,  however,  than  an  explosion  cannot  always 
be  ••••garded  as  an  incipient  detonation  since  it  might  be  argued  that 
the  bullet  created  a large  surface  in  the  liquid , e.g.  hy  cavitation, 
which  ignited  and  gave  rise  to  explosive  oombus'sion.  This  could 
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TABLE  VI. 

WPTHATED  RAfIS  OP  KNSBCT  REI3ASS 
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produce  a sufficiently  rapid  rise  in  proa  sure  to  cause  severe  damage 
to  the  container  without  the  onset  of  detonation.  We  have,  therefore, 
re-examined  the  reeults  from  R*f  14  although  the  data  are  atatiatioalbr 
inadequate.  3igrd.fi oant  reaulte  a . > ahovn  In  Table  711. 

Apart  from  aixwaliee,  being  vithin  the  scatter  expect*-'  of  suoh 
- i_=ll  rcss'***  of  *y*ale,  *•  see  that  there  ia  a broad  oor.' elation 
with  gap  test  sensitivaneas  whichever  criterion  ia  rag&risd  as  a 
positive  event* 

4* 2 Solid  Bxploaives. 

We  have  as  yet  very  few  data  on  solids  suitable  for  comparison 
with  the  liquid  explosive#  *r.d  gap  aeneltlvenesa  measurements.  The 
available  results  ire  given  in  Table  Y1XZ. 

The  dafinition  of  explosion,  used  in  this  work,  in-  "lopaot 
aooonpani*!  by  a flash  or  alight  report.  Box  split  along  seams  and 
sometimes  thrown  as  such  as  15  yards,"  (Hof  14).  Suoh  an  event  oould 
easily  be  produced  by  vigorous  burning  Inside  the  box  and  it  is 
hardly  surprising  that  materials,  suoh  as  Plastlo  Propellants,  should 
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T A B L H VII. 

aSISITiVdllfiS  UP  LT-j'JID  EXPLOSIVES 
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give  explosions  (so  defined)  under  rifle  bullet  attaok  sines*  they 
have  much  higher  rates  of  burning  than  liquid  explosives  at  low 

JJ*  . ilrM  M v.  r 1 L O X ailUk  .CWA.  1«^.  *tl.wC  k CS'iltSj  f‘**d  thO 

lon.3i.-n  rates  of  burning  of  ,:.lquid  explosives  and  Plastic  Propellants* 
surest  that  the  rifle  ballot  starte  a aombuition  reaotion  at  a 
relatively  low  pressure. 


S 


Whan  is  oonaider  the  few  results  with  pressed  aolid  granular 
explosives,  «t«t-e  is  no  correlation  w'*h  liquid  explosives.  Liquid 
axplojivea  having  C valu»s  greater  than  20  on  Snale  I would  oertainly 
stive  rise  to  a large  percentage  of  detonations  in  tne  rifle  bullet 
test.  A liquid  explosive  with  a 0 value  of  ij  on  30*1$  I would  have 
i x Q (at  50  ttRs.  preeeut**)  *nu*l  to  about  500  oal/ca*"e*o.  W« 
•STfirat*  that  the  rate  of  burning  of  an  homogeneous  mixture  of  RDZ 
and  Bauawax  (9<yiC)  would  be  about  1.5  oo^seo  at  50  atma.  since 
it*  heat  of  explosion  is  about  SOO  oaVg  (o.f.  Pig  7 of  Ref  7),  which 
leads  to  • value  ft?  1200  aal/ocraeo.  for  & t Q.  The  explanation  of 
the  discrepancy  may  stem  fiu»  the  fact  tnat  th-  explosive  is 
inhomogeneous.  The  same  conclusion  might  be  drawn  from  the  relative 
sansitivenesee*  of  HDjyWT  and  T.N.T. , i.  t.  HDjyTNT  behaves  more 
nearly  like  T.”.T.  thar  ?,.D.X.  The  effect  of  inhooogdiialty  on 
sensitiveness  is  uisousavd  lutsr.  Other  factors  not  considered  *. 
grain  size,  oryatal  aloe  and  loading  density,  all  of  whioh  hav„  an 
effect,  cn  sensi  tiveuesa. 

5,  asNgrrxwqss  op  phased  charges  o?  t.n.t. 

One  of  tne  difficulties  in  aouaitivenesa  work  is  to  obtain  a 
logical  link  between  the  sensitiveness  of  liquid  and  aolid  explosives* 
Certain  explosives,  hcvevee,  are  stable  in  the  liquid  and  solid  .-state* 
The  eh1'. cat  one  ■‘■o  handle  is  T.N.T. ; Another  is  Picric  Acid,  In 
snese  systems  it  la  possible  to  compare  the  sensitiveness  of  a liquid 
and  a aolid,  for  which  the  cheuiwl  nature  of  t.*e  decomposition 
process  is  the  same,  the  eniy  difference  being  the  final  tempera  tires 
of  the  decomposition  prooesa  *hicVi  depends  on  fhe  magnitude  of  the 
latent  heat  of  f atotu 

It  was  decided  to  determine  the  sensitiveness  of  T.N  T.  under 
the  following  conditional-  (a)  as  a liquid  at  50“^,  (b)  as  a oast 

solid  at  ambient  temperature,  and  (o)  .>a  * pressed  charge  in  which 
the  loading  density,  the  grain  sise  and  the  crystal  size  were  varied, 
borne  results  obtained  at  this  establiaraent  are  shown  in  Pigs.  5a 
and  5b,  These  were  obtained  on  gap  Scale  II  whioh  is  almost  the  same 
as  3cale  I,  axoept  for  a difference  in  the  ro.-ctianioal  properties 
of  the  ateel  of  the  containing  tube. 

The  main  ooi  iluaion?  rrei- 

(a)  the  sensitiveness  is  a function  of  density,  increasing 

with  density,  passing  through  t maximum  and  then  deoreasir^ 
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(h)  at  *p#'jLfi«sd  density.  pressed  charges  c?  large  grain  alee 
are  mora  sensitive  than  one-  with  small  grain  si2o, 

(o)  a pressed  charge  of  grains  made  from  large  crystal?  ia 

lass  sensitive  than  one  of  grains  msde  from  small  crystals. 

The  result*  with  oast  T.N.T.  and  liquid  T.N.T,  are  shown  in  Table  IX. 

T A 3 L 3 IX. 

sarerrirensa  op  t.  k.  t. 


TOHIi  OP  T,N,T,  3CALS  I.30ALB  1.L3CALS  III. 


! : — : — : — 

normal  or— tu,  toasti. 

7 

m m 

A** 

J*-* 

Liquid  at  90. 

• 

15 

30 

The  agreement  between  the  sensitiveness  of  liquid  and  oast  T.N.T. 
ia  thought  to  ba  fortuitous  beaauae  it  is  well-known  that  tha 
sensitiveness  of  oast  T.N.T,  can  be  altered  appreciably  by  variation 
of  the  oryatal  size.  This  natter  is  discussed  in  3aotion  6. 

fi;  AKAKTSIS  OJf  RESULTS. 

o.l  Before  attesting  to  analyse  the  main  results,  we  say  atrsuarise 
then  briefly: 

(a)  tha  product  ft  x Q (at  If  * 50  aftns.)  gives  a good  correlation 
of  the  sensiti”?,-.'?;  if  liquid  explosive*  on  gap  tret  Scale 
III  and  by  the  rifle  bullet  test, 

(b)  generally  speaking  the  produot  ft  x Q gives  a good 
correlation  qualitatively  with  sensitiveness  over  the  whole 
field  of  explosives. 

(o)  on  gap  test  Scale  I the  cuoduct  ix'j  i?  e auffloieut 
criterion,  the  magnitude  r.+  5 orjiQ  also  appears  to  be 
Important, 

(d)  there  are  acme  anomalies  amongst  the  solid  explosives,  a,g« 
3.O.X.  which  despite  a higher  value  of  o z Q,  is  less 
sensitive  than  P.3.T.N,  (20)  and  RDX/"3WX  is  less  soncitiv* 
c ' Scale  I than  would  be  guessed  from  its  estimated  rate 
of  burning  (if  it  were  homogeneous). 

(e)  the  rifle  bullet  sensitiveness  of  amatol,  pressed  T.N.T. 
and  pressed  SEf/TITT  it  less  than  that  for  liquids  of  similar 
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— ’ t’uat  oecharical  action  produaea  & localised  hi«h 

temper- ture  in  the  eyplosivs.  This  high  temperatura  oan  ba  produoed 
by  friction,  by  shock  saves  <:r  by  looal  stress  ooncrntration  or 
rej.tia.3s.  17 s arsune,  rurtbenaure,  th<*t  a ooobustiaa  reaction  starts 
hot  spots. 


This  procass  w«  define  as  "ini  ■ iticioc*,  and  froa 


r&.dy  true,  In 


* A w*  » 4 ran 


ot  bs  true  anu  th*»  probable  reason 
2.  in  order  to  g t a tuoasu rabid 


at  th« 

Bcredail'a  Bulk  (I j)  it  BOtild  ipptii.' 

(e. g»  certain  initiators) , it  may 

for  this  13  discussed  in  Appsr.uijL  &.  in  oraer  to  g*.<*  a uic 
explosive  effect  it  is  neoasaa  .*y  for  rhe  caobuctiuii  roautiwu  to  lead 
to  an  increasing  oresoure.  Since  this  also  requires  an  trior-easing 
sine  of  the  "hot  soot",  we  define  this  second  stage  as  growth*  The 

fails  of  iiiwroaua  of  prascoie  in  ar  "explosion  aentre"  of  radius  is 
given  by  equation  10  of  Appendix  7s- 

, S’  ’ ??[|-  - v{$+*}]  i 

If  is  a linear  func'lui  of  pressure,  the  faotor 

» p*  ft1 

/cr'  t 

ia  approxmateij,-  independent  of  pressure  ( p*  will  increase  slowly  with 
pressure).  Neglecting  ahanges  in  V •***<  - with  pressure*  we  oan  write 
equation  1 in  the  form 

i?  * Y{"Sh»-*}l  u 

vi]  • 

At  a gj.-jr.  orrjjure  P,  a large  value  of  dP/dt  is  favoured  by  large 
values  of  Rbo  andi»0<J» i. e,  by  large  values  of  which  is  approx- 

imately proportional  to  u»  x Q (at  any  reference  pressure) , a»if.  0". 

If  we  put  3 a Sfcj^OoQ*  equation  lb  oan  be  written 


tfc? 

■ar 


*s] 


r— r - lo 

riven  value  of  3,  dP/dt  Ino r eases  with  inorearxng  values 


J.i.  for 

Tf.  therefore,  initiation  is  relatively  easy  and  we  a r«  using  a 
sensitiveness  t*sl  iu  w'ui-h  growth  oust  oocur  to  give  a measurable 
effect,  as  in  gap  testa,  we  should  expeot  sensitiveness  to  increase 
with  increasing  values  of  .1,  approximately  proportional  to  & x and 
':,i> £<}%*•  ‘hla  is,  in  faot,  7hat  we  have  found  with  explosiv.  r on 
Scale*  I and  III  (see  Pigs  ,'.f  2 and  4), 

• * ■ R^o  w^er*  n ^ 1 , we  should  expect  the  material  to  he 

loss  sc.-jitive  than  would  correspond  to  the  value  of  m x Q at  the 
enfareno*  pressure  of  50  aims.  This  appears  to  be  the  case  with 
plastic  prcpnilants  (aeotlon  2.4)  and  hydrasine  and  hydrogen  peroxide 
(discucaed  in  Ref  4),  »U  of  wnioh  materials  have  values  of  u less 


Cer>t*ldwniiial# 


'iVhltbread  A 71 j amen. 


Esri;",4 

■".iwusuoirtel 


w 

a 

s 


than  uni 


v* 


6, 3 Initiation  tv  Cinviev  Tnitlwt 1p«, 

A procacd  granular  explosive  must  contain  gas-filled  oevities. 
it  ia  posaiblc  that  initiation  of  q*t”'p»tion  of  su.-h  explosives  ia 
produced  by  the  adiabatio  ooarpr*.  «'  * ion  of  the  Sts  in  the  aavlty.  The 
pressure  required  t > 'tiiate  a combustion  veeotion  ir»  an  oxplusive 
mtterial  ooctainin;  wities  ia  {oquawaonS*  Appendix  VI)  :- 

\*A.  < ’(>.  i~ki{iz£\ 

U ‘ ^ k 4 • 3 ° r 

where  d ia  ••.V.a  grain  size,  & id  the  density  and  Pc  is  the  initiating 
pressure.  Accordingly.  Ih*  pi-.^qurs  required  for  teittatian  decrease* 
as  the  grain  size  ~a  iiuieaoo  te  \ a * t density).  With  a fixed 

grain  size,  the  initiating  pressure  decreases  as  density  Is  reduced. 

Thus,  if  u~itiitj.cn  is  the  csntreliirg  fsc^r  „np  not  growth, 
(defined  in  Section  6.2J,  the  aenaitj veness  of  pressed  chargee  of 
explosive  will  inorease  with  increasing  grain  sizes  and  decree* 
density.  Clearly  the  sensitiveness  cannot  increase  indefinitely  with 
decreasing  density  o« cause?- 

(a)  at  son*  limiting  low  density  the  particles  of  explosive  will 
only  Juat  be  in  aontaat,  and 

(b)  ease  of  initiation  increases  with  increasing  value  of  d 
(equation  2)  but  rate  of  growth  depresses  with  increasing 
value  of  d.  i.e.  at  e-jss  density^ whii-h  will  be  leper  the 
smaller  the  value  of  d,  the  pressure  required  for  a auffio- 
iently  rapid  grorrth  will  ba  larger  than  that  required  for 
initiation  and  nencs  will  become  the  patrolling  factor. 

If  compress ion  of  * pressed  porous  solid  is  primarily  the 
"compression*  of  the  cAvi*iea,  tha  + in  equation  1 is  the  radiue  of 
tho  cavity  when  ooopreased.  The  initial  radius  of  the  cavities  ia 

t 'ii 

whirs  dc  ia  the  diaae'.^r  of  the  cavities, 
compression  of  the  oavity 

where  i refers  to  initial  conditions  (before  compression)  ar.d  o to 
initiating  conditions.  Hence 

In  Appendix  v it  was  shown  that  A in  aquation  ly  which  is  a measure 
of  she  oonfinem'iT.t  conditions  oan  be  written  (at  the  beginning  of 

sr:':h)  e-g.j. 

ux  4 X VW I w*  J 4- 


(.Squat ion  4->  Appendix  71) 
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Cosbining  equations  5 ai-d  V with  equation  1 ««  obtain  for  the  initial 
rat®  of  growth  , ^ 

!?!  * i.  f X V?lf — j-XS-TW]  . Vrij 

iff  i*  O-  I ®ri  I 1.  *•*>/ 


«\f«v 


when  P. 


1 atm. 


Wo  can  so®  from  aquation  5 that  (ip/d tiooreaaea  with  decreasing 
pressure  and  decreasing  daru.ity,  Thin  affect  of  changes  in  hulk 
density  on  the  t«o  terms  on  the  H.H.".  it  different,  but  not 
enormously  to,  a®  shown  in  Table  ju 


TAB  Li  A. 

^ * 1.55  (a®  in  oast  T.H.T.) 


A A/ft-0  C*/(U)]y  Faotort.  * 


1.4 

10.3 

2.15 

4.7 

1.2 

4.4 

1.5 

2.9 

1.0 

2.7 

1.2 

2.3 

0.8 

2*1 

1.02 

2.1 

0.6 

1.6 

0.86 

1.9 

Thu®  at  uaunit'.e®  of  1.0  ft/ <*?  or  JLesa  th®  ratio  of  and 

doe®  not  depend  muoh  on  a i.  e.  *-he  relative  importance  of 
tie  oonfinenjent  factor  does  not  depend  ma.cedly  eaiji  . f*  have, 
therefore,  toe  following  picture.  At  value®  of  «y’£  near  to  unity 
(act  too  aloe®  to  unity,  einc*  ♦*-  confinement  tern  oontaini-.g  A 
approaches  infinity  faater  than  the  first  tore)  initiation  nay 
difficult  and  growth  relatively  eaay.  Aa  t dsorea aea,  initiation 
beoooea  easier  and  growth  nor®  difficult.  At  some  ♦ , the  mlniawi 
praaaure  retired  for  initiation  may  be  too  low  to  prodooe  a fast 
enough  rate  of  growth,  i.e,  a higher  initiating  shook  or"  ,<jure  will 
be  nectraary  to  get  growth  faat  enough  to  produoe  explosive  ooobustten 
or  a reactive  shook.  The  density  at  which  th#  change  over  oooura 
will  be  lower  the  smaller  the  value  of  d. 


6. 4 Pressed  Charge®  of  Srsloaive. 


The  behaviour  of  oharge#  of  pressed  T«N.T.  (Section  5 and  Pig  6) 
approxioataa  to  the  description  in  3eotion  o.3.  It  ie  worthwhile 
irac;ting  wane;  f cal  value®  into  equation  2 in  order  to  determine 
whether  'he  theoretical  initiating  preaaure  ia  of  the  sub®  order 
an  our  estimate  from  other  expe- 1 .rental  work.  In  equation  2 we  haws 

(«P?.„^)  ^ c*  • w*o 

Thi  • ■*-  - --***- 


hij  ia  somewhat  lesa  «ian  the  heat  of  explosion  (Ref  2).  The 
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measured  value  of  the  heat  of  e^lesiop.  i«  *bw*  '<000  <?*,/ga  (F.ef  1#>) 
/mi  the  min:unaa  estimate  i..  653  oals/gm  (Table  III),  v?e  aha  11  anaume 
a value  of  JOG  oa.1./ gm. 

m.  sinr^rt/a  ia  approximately  independent  of  pressure  (if  m depends 
linearly  on  pressure)  we  can  us-  the  value  of  3/o  at  one  atmosphere 

pressure* 

* 

According  to  Andreev  (Re f 13),  a (l  atm.)  « 0.017  g^sm"  its. 

3/  linear  '■vt  rap  elation  froa  the  value  at  1000  atma,  we  obtain  ft  (1 
atm.)  a 0.>',?2  3/'oo2oa.  Although  this  agreement  ia  satisfactory,  we 
find  difficulty  in  accepting  this  value  bacaves 

(«)  it  i«  ’uighif  than  that  for  an  alicvl  nitrate  of  the  same 

v a.  _4*  ( iM  ~ n r>„#  4 

UMUV  «w>*  '<Ayj.wu.wi4  • w.  aaC*  I J $ 

(b)  the  value  of  m x Q (at  50  a toe)  , deduced  from  the 

aenaitlyeness  on  Seals  111  corresponds  ts  a value  of  m 
(1  atm.)  or  about  0.005  g/oafaec.  which  appears  more 
reasonable  on  our  experience  of  tne  rat  as  of  burning  of 
different  classes  of  ohettioal  compound*  (Ref  7)* 

For  the  other  phyaioal  properties  we  shall  assume:-  f * 0.002  z/cra?t 
•J a 10“3j/ on  rec,  , Si  r ?5,  and  A * 82  ouP  atav'Meg.^ 

V. ith  these  values  we  obtain  D » 3.4  (»  = 0.02  g/co^sec)  ana  U w xo,3 
(fa  a 0.005  ft/oarseo),  Equation  2 then  baoomes 

Wsi  + •/».  s 

3 a (3*-v{sf.If  Y a 1,  3 s 0. 6?j  if  ¥ ia  large,  B approaches  unity. 

We  ahull  choose  therefore  if  a 1.4  and  B tf  0.75.  Further  oinoe  the 
charges  “ers  made  from  oaBt  T.N.T.  we  shall  assume  •*  » 1.55  instead 
cf  1.55.  the  cry- tel  density. 

/ * 

Evaluating  P0,  with  • s x.O  {/cc.7  and  d - C.01  oa,  w»  obi,*ia  a 
value  pf  log  P0  between  V3  and  4.5  i. e.  "*  is  between  3 * lO^  and 
3 x t.pk  atma.  Now  cn  iioale  T7  the  values  of  C lie  approximately 
between  20  $ 5«  Scale  II  ia  very  similar  to  Scale  I,  the  pressures 
probably  being  somewhat  higher  on  Scale  II  for  a given  oard  value. 
Frrw-  the  formulae  in  Section  3.2  we  find  that  log  P varies  from  about 
3, GO  to  4.10,  which  is  within  the  lioira  of  the  calculated  preay.  ■*, 

For  a given  grain  size,  the  sensitiveness  increases  by  an  amount 
oor responding  to  5 oards  or  less  ar  the  density  changes  frern  1. 3 
S/'srr  to  0.8  jy’oBr . Equation  2 should  give  a value  which  is  not  less 
than  this  since  there  must  be  a change  over  from  the  control  by 
iui-iation  to  control  by  growth  cf  explosion  oentres.  W'  have. 

With  :.he  above  val»ej  ot£v  andrf"2  &nd  » 1.55  we  obtain  icg 
a ^ J-j  which  corresponds  to  a differenoe  in  C (i.e.  - C2)  of  about 

10  oards.  TM.s  is  reasonable  agreement  in  v..ew  of  the  complications 
du?  to  bV;v  growth  e?  the  explosion  oentres. 
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We  have  shown  that  changes  in  «L  ar.d  • i*ffeot  the  initiation  anu 
growth  factors  in  o^puaita  3ena«3,  It  follow  from  this  ih»i  eqnntion 
2 will  always  overestimate  the  effect  of  changes  in  4 and  4i  on  tne 
initiation  pressure  P0.  On  Scale  II  a presses  o'"* rge  («  a 1.05  gsi/csi-* 
with  grain  si?«  between  20  and  36  B.S.S.  a 0 value  of  25.  A 
pressed  charge  at  the  same  density  with  grains  peeling  200  £.3.3.  haa 
C value  of  21*  A grain  size  of  20  to  36  S.S.S.  ai^e  has  a mean 
diameter  of  about  600  mioronaj  grains  passing  200  n,3,S.  have  a 
diameti*,:  leas  than  76  microns.  Thus  a change  in  4 by  a faotor  of  10 
changes  the  0 value  by  4 oarda,  corresponding  tc  a ohange  in  log  P 
of  about  °,14.  Now  nooording  to  equation  6 a ohanga  of  d by  a factor 
10  rill  change  Tog  P by  1.33  toor res ponding  to  ohange  in  0 of  about 
>;0  c«?"«)s  The  discrepancy  is  enormous . I.et  us,  however,  conalier 
the  effect  of  charge  of  grain  size  on  the  rate  of  growth  cf  an 
explosion  ventre.  Negleeting  all  terms  except  the  first  in  equation  5 


*»  have,  aaaun'inc  Pi_  - 1 fita. 
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n * 


jraina  of  104  ia  (fren  equation  6)  about  P</20.  The  initial  value  of 
IF/dt  for  a grain  size  of  XOd,  ia  thus  ‘C„l  x fUaV'T;  C.0025  of 
the  value  for  *.  Thus  the  rate  of  growth  of  explosion  centres  ia 


4?!  . 4.  fJU}' 

Assume  that  a pressure,  P0  , is  required  to  initiate  a uharge  with 
grain  size  d.  The  preasr.ie  required  to  Initiate  e pressed  charge  with 
grains 

dP/ 

tne  vuxue  jpr  11 : auus  wie  rat.  ua  jj*' 

40 0 times  slower  and  if  this  rate  is  less  than  aocs  oritioal  value,  a 
higher  value  of  the  pressure  will  be  necessary.,  i.e.  the  decrease  in 
initiating  pressure  will  not  be  as  great  as  that  aalculuted  from 
equation  6, 

noils  this  effect  may  well  occur,  the  effect  of  changes  in  d is, 
*\ccordi*'g  t ocuations  3 *n*l  6,  independent  of  & . Now  from  Pig  6 
we  oan  ace  that  a change  of  d by  a factor  10  never  has  the  isarked 
effect  o**l. elated  from  equations  Z ~nd  6.  Therefore  ws  conclude  that 

(/.)  out  model  ia  incorrect,  or, 

(b)  our  estimate  of  the  size  of  the  cavities  ia  incorrcot,  or, 

lo)  a significant  factor  tiaa  been  omitted  frem  our  model. 

We  do  *ot  believe  that  our  model  la  baataai*y  iwoorreot  because  it 
leads  to  case  of  initiation  increasing  with  increase  in  particle  size 
whereas  one  based  on  growth  as  the  oontrolling  mechanism  would  give 
the  opposite  result,  74  le  the  method  of  estimating  the  size  of  the 
* is 


rity  from  d and 


orude,  we  do  not  believe  that  a change  of  d 


by  a fact.-.*.*  of  10  car.  have  s*  little  effect  ns  suggested  by  th<. 
experimental  results  unleau  some  factor  has  been  omitted, 

Cno  footor,  has  certainly  been  omitted.  In  Kef  2 it  was  shown 
chav  initiation  occurred  at  a time  after  the  arrival  of  tne  pressure 
wave,  where  <tis  given  by  X •» 1C/V*?.  Her*  v is  the  equivalent  vapour 
phane  rate  of  uuming  of  the  condensed  phase,  i.e.  the  vapour  phase 
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mt*  of  burning  of  tl»  vapour  at  auoh  an  initial  teqpsrature  that  tha 
final  oocbuetion  temperature  is  V.;s  msu  as  that  for  tha  ooubuatlon  of 
tha  oonianaad  phr.ee.  If  tha  sas«  rata  of  burning  depends  linearly  on 
P,  v is^  independent  of  preasure.  We  hare  already  eetinated  that  a 
(i  aia.)  for  r.K.f.  probably  lie*  betwaan  0.  02  end  0,005  e/oa^Sws* 
v therefore,  lie>  between  2 and  0.5  ar/aeo,  i.a.  *tf  liaa  between  2,*^P 
and  ki/t*.  The  pressures  whioh  we  are  considering  era  about  l(r>  a tea* 
Therefore  tha  preaeure  pulse  uuat  have  a duration  between  2.5  * 10“'* 
and  h x 10"3  seas. 

In  tha  gv  teat  the  pressure  pulse  is  produoad  by  attenuating  tha 
■hook  issuing  fron  a tetryl  oharge.  However,  we  know  asperiaeuWlly 
tnat  a serlae  of  shook  waves,  rather  than  a single  a hook,  ie  tran«>- 
■ltted  tnmigh  tha  exploaivw.  Tha  reason  for  this  baa  been  euggeeted 
to  us  by  Prefeasor  0.  Peak.  (Royal  Tsohnioal  College,  Qlaaiww)*  Afia i? 
*:ha  tetryl  pellet  has  detonated,  tha  aye  tan  oonaiata  of  tha  da  to  nation 
product!,  the  attenuating  card  steak  and  tb«  reoeptor  implosive 
oharga.  A a hook  wr-«e  la  transmitted  tnrough  tha  oard  stack,  part  of 
which  is  transwit  tad  a a a shook  wave  into  the  «sploaive  • part 
reflected.  Tha  ref  lasted  part  is  again  reflected  by  tha  hot  gasaa 
through  the  oar'4  staok  towards  tha  azploalva.  The  explosive  is  thus 
subjeotesi  to  a ^;ries  of  shocks;  the  shock  praasuraa  will  clearly 
be  larger  end  the  pulse  frequency  shorter,  the  thinner  the  attenuating 
oard  stack.  W*  deduce  froa  this  that  the  "effective^  pressure  nay 
well  he  of  shorter  duration  whan  the  oard  stack  is  think,  i»e,  tha 
shook  pressure  ie  low.  Wor  cavity  initiation  this  is  tha  convert* 
of  tbs  requirements  for  initiation. 

Thus,  as  tha  grain  alas  is  increased,  tha  praaaurs  required  for 
initiation  deoreaeea  but  tha  tine  during  whioh  this  oust  act  lnoraaae* 
We  have  shown,  however,  that  tha  h effective"  duration  of  tha  preasuro 
pulse  probably  dvor esses  with  decreasing  pressures  In  the  gap  tawt. 

If  this  ie  eo,  we  oar  a»*«v*et  an  explanation  of  the  Hearer anoy 
between  the  effect  of  changing  d on  the  gap  aenaltlvnuc*  and  that 
oaloulated  by  aquatic  2,  As  d in  or  eases,  tha  preaeora  required 
decreeses  but  tha  time  diU'.Jig  whioh  this  must  set  laoreases.  In 
order  to  comply  with  this  tia*  requirement  the  initiatioa  yrwseur* 
must,  therefore,  at  soma  value  of  d atop  falling  r H start  to 
increase.  This  is  what  la  obr-rved  experimentally  and  explain*  ■*'<- 
equation  2 must,  st  least  with  aoae  explosives,  grossly  orereewisata 
tbs  offset! ve  of  changing  4 on  cac  initiatory  pressure. 

6.5  Cast  Charges. 

Cflst  T.5.T,  has  a density  of  1.55  t/cm*  whereas  the  orystal 
density  is  about  1,6k  at  normal  roon  temperature.  The  solid  thus 
obtains  a large  proportion  of  fraa  spaoe.  If  tha  oast  solid  orystal 
consisted  cf  ona  large  crystal,  the  gas  (air)  would  be  in  a solution 
and  uniformly  distributed  throughout  tha  solid.  If  tha  orystal  has 
localised  iaperf actions  ajd/or  the  charge  consists  of  aaay  crystals, 
tha  gas  will  diffuse  and  oolleot  betwaan  orystal  faces  and  at 
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cry  an  l iaperf  action*  if  sufficiently  large.  It  ia  is*«oa*ibls  to 
make  so  estuaate  ci  toe  also  of  pook*ts  of  ***,  ascent  that  is  caat 
charges  they  should  be  =2*11  siaca  ths  only  gas  present  is  ths  air 
originally  ia  sol  tion  and  that  ore^jcod  by  tb-raai  decomposition, 

Pe  oaa,  howrar,  K oartain  that  th*  mabsr  of  aueh  •* aritiaa  per  unit 
volure  whether  between  crystal  face*  or  at  crystal  iap *rf so tiona, 
will  b#  larger  th*  saallar  to#  eiyatala.  Ths  oryatal  ala*  ia  sca- 
treliod  by  the  rat*  ax'  cooling,  Tbs  sera  rapid  ths  ocoliag,  tha 
aaallar  the  crystals,  tha  greater  tha  nuobar  of  iaperfsotion*  ani  th* 
■mailer  the  aaount  of  dissolved  gaa  that  diffuses  a tray,  Zf  the 
attraction  of  th*  diseelvad  gaa  aolaoulea  for  each  other  la  greater 
than  tha  attraction  bataaan  than  a .M  s»td  K •pi o*iv*,  t hare  *111  b« 
a tsaiisney  for  tbs  disseised  g*s  to  f'-rn  siorsaosplo  taper* scticas 
(bubble*). 

l«t  ii*^  therefor*.  ennwiitar  tha  oe«*  solid  of  density^  with  a 
o**i ti*s  (pookata  of  gaa)  of  r^ua^  par  unit  voluaa.  Va  hara 

'H.  y.«*£  * * %•  y 

fho  coifiasssani  factor*,  A,  in  aquation  1,  d*p*nd#  on  n aad*t\. 
If't'n  ia  th*  value  of-fi  at  yr***»ir*  Pol  than 

* -=rf-^  3 sST*  S . > 

which  ia  aloilar  to  equation  4.  Th*  growth  aquation  (using  aquations 

* ***-5**^  »L  f V_±*_  ^ Ji/ * „-p  5 1 Ygf’  (I'HjW 

£ i/  ~ { *W  IxSrl  * L t M '3* u ® 

whan  ■ 1 sea,  * 

Tha  initiation  aquation,  from  elation  2 of  ippsndlk  TI  and  equation 
7 *oo*e  ia 

*•*  T?  * 318 -1UV^  - • 

ia  we  pass  frea  a *uoroaryat*llirtw  casting  to  a aingl*  larg* 
crystal  th*  dans  it*  will  approach  n*a  er  to#.,  which  la  thi*  ow» 


crystal  th*  density  will  approach  mm  vr  to< 


ia  thi*  cm* 


ia  th«  oryatal  density  sad  n oust  approach  aero  but  {.log  ® ~ log 
froa  aquation  9,  approaohaa  Infinity.  Thus,  on  this  no'psl, 
a pure  cry? tel  should  b*  insensitive.  If  w*  oonaider  % east 
explosive  consisting  of  only  a few  crystals,  « cannot  dof«oe  a aees 
density  and  therefore  4’  will  her*  no  aaaning  b**t  ihs  nuaber  of 
cavities  will  b*  few.  If  they  are  snail  initiation  nay  be  difficult 
but  is  will  be  easier  than  in  th*  pure  oryatal;  growth  will  ba 
favoured  by  th*  anallness  of  che  oa*ity.  The  net  result  sill  be  aa 
increase  in  aemitiveness  but  a reproducible  sensitiveness  will  be 
obtained  only  with  large  charge*  if  «u.  crystal*  are  larga,  Aa  t.  3 
crystal  ala*  daereaaea,  n bacon**  th*  ualn  factor  sins*  ch*xi«*a  ia  m 
only  navw  a l.vrge  «fv  .ot  when  e„- f approach**  sere,  Thu*  initiation 
bhcoBun  sore  al-’ficult  but  growth  easier,  no~  only  Vecaua*  a 
lnoreaset  but  because  P/>,  to*  pressure  required  to  produce  initiation 
also  increases,  Ve  should,  therefore,  expect  initiation  to  be  the 
controlling  factor  at  acne  value  of  4*  «hioh  sill  be  oluuer  toe 0,  the 
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•sailer  the  crystal  el w.  Miorourys tallir.e  chargee  should  therefore 
behave  like  pressed  chargee. 


When  a pressed  oharge  of  T.N.T.  la  side  from  grains  obtained  from 
a (MlcroosyaUliine  cast  charge  it  is  sore  sensitive  than  one  made  froa 
grains  froa  a oast  oharge  with  large  oryatale.  (Pigs.  6a  aid  6b). 

Now  cur  model  assuaes  that  initiation  ciywim  in  the  oavlties  between 
the  grains,  Any  cavities  inside  the  grains  oust  be  email**  than  the 
cavities  between  the  grains  exoept  possibly  when  therefore,  it 

•ideas  inevitable  that  initiation  suit  ooour  outside  the  grains.  If 
initiation  ooour* , the  pressure  oust  momentarily  increase  and  the 
increase  say  ««  •offiaient  to  aet  off  "oavitiea"  in  the  grains.  This 
explanation  is  not  antirely  acceptable  because  it  suggest!  whet  growth 
•«Jtaot  initiation  is  the  controlling  process,  whereaa  the  daoendenne 
uu  A suggests  the  converse.  The  effeet  is,  however,  e small  one  and 
it  may  be  that  we  are  attempting  to  make  too  fine  distinct lone  an  a 
crude  theory. 


It  is  is|>oaslble  to  deaids  whether  the  controlling  process  in 
the  sensitivenese  of  asst  T.H.7.  (normal  broan)  is  initiation  or 
growth.  Aooording  to  equations  8 snd  9,  if  n decreases,  initiation 
cocoa  as  easier  and  growth  more  difficult.  Comparing  a oast  material 
with  a prenaed  material  made  from  partlelee  of  the  oaat  material,  we 
should  expeat  n to  be  smaller  for  the  oaat  material,  l«e.  Initiation 
should  b«  easier  at  a given  density  and  growth  more  difficult.  By 
extrapolation  of  the  reaulta  in  Pig  6 we  aee  that  the  asnsltiwnees 
of  oast  T.N.T.  appears  to  be  about  the  same  as  that  of  a pressed 
oo^ssitica  of  the  ease  density.  It  is  possible,  therefore,  but  by 
no  means  aertain,  that  growth  Is  the  oontrolllng  factor  in  oast 
(normal  brown)  T.N.T. 


6.7  Lien  id 


Liquid  T.N.T.  (at  90*<3)  has  a 0 value  of  30  on  Soale  HI,  i^e. 
the  corresponding  valut  rf  4 x Q at  50  at u*.  is  about  150  oal/om'weo. 
Ws  here  already  pointed  out  t/.at  there  are  two  possible  value*  of  c 
at  1 atm.  vis  0.017  and  0.022  g/an 2eeo.  Taking  § mean  value  of  0.02 
g/ce^seo  at  1 atu.  pressure,  we  obtain  1.0  ga/acr^aco.  at  5C  atma.  Tbs 
value  of  Q is  uncertain,  Assuming  that  all  the  oxygm  is  present  -*s 
GO  in  the  oombustion  products,  Q • 6$J  oal/gm.  However,  the  scperlsen* 
tal  value  for  Q is  about  1000  oal/g*  -be  value  of  ft  x Q (at  50  atme.) 
thus  lies  between  653  and  1000  oaVomzseo.  This  does  not  correspond 


POQwyQTS;  We  should  point  out  that  the  section 

“““  C7H5N3°6“^60C  ♦ P.5^2  ♦ 1.5*2  ♦ 0 

which  gives  Q • b53  oal/jpa  is  a most  unlikely  reaction.  This  value  of 

0 is  k-uoh  lower  than  the  experimental  figure.  Suoh  a large  tsiourtalnfr 

is  cot  found  with  other  ocploaivea  examined,  exoept  propyl  nitrate. 

In  oombu-ticn  reactions,  Q for  propyl  nitrate  is  undoubtedly  larger 
than  oal/gm  but  even  if  it  were  as  high  as  400  oa]/<P,  (since  ftxq 


(xt  f.O  Atma,)  w.-.uVl  inn  *•••*#»*  only  from  34  to  46  salv'gs)  it  would  not 


offset  the  correlation  shown  in  Pig  1. 
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with  the  sensitiveness  on  either  Soale  II  ot  Soale  ID.  end  n find  It 
difficult  to  aooept  auoh  u high  race  of  burning  from  our  knowledge 
of  the  combustion  of  explosive*  (get  7'.  Tf  we  anoept  :*  value  of  _ 

4 x Q (at  pO  atm a.)  of  150  aaVaa^aso,  then  m is  0*15  or  C.23  g/<M': 
jeo  depending  ca  the  value  of  Q.  Prom  Table  XX  we  own  estimate  that 
liquid  T.N.T.  would  hare  a value  of  about  12  cm  goals  w Now  fi0Q* 
uurt  He  between  about  950  or  1500  oal/0®  (al-noe  f>0  m 1.46  g/aaP), 

If  »•'■*•  *-orrp  i thut  izQ«  150  oaVocnsso,  then  Q -oat  be  not  le*«  ttmn 
*V>ut  $50  oal/g  for  the  3oale  I result  to  be  ijooparable  with  Nig  4, 

By  analogy  with  other  liquid  explosives  we  assume  thet  growth  is 
the  controlling  faotor  in  the  gap  test  sensitiveness,  We  have  seen 
that  it  is  i^ossible  to  determine  whether  the  controlling  foots? 

In  the  oeae  of  oast  T.N.T.  is  initiation  or  growth.  The  pressure 
corresponding  to  0 ■ 30  on  Scale  HI  le  about  1 x 10^  atmsj  that 
corresponding  to  0 « 9 on  Soale  I is  about  twice  as  large.  This  le 
consistent  with  growth  rattier  than  initiation  being  the  controlling 
factor,  sir 00  the  oonflneoaat  on  Soale  I is  lese  then  thet  on  3oaleZZZ» 

In  the  growth  proa* the  number  of  oevlties,  n,  the  radius  of 
the  oevlties  r and  the  vu.ua  of  4 x Q are  the  lq^ortant  parameters. 

We  sen  he  oertain  that  i x Q -Jill  be  larger  for  liquid  T.N.T.  than 
for  out  T.N.T.  since  both  L and  Q are  larger.  However,  we  should 
i'wt  uxpeot  4 to  be  larger  thai  by  a faotor  of  two  (see  Andrea**  s 
values  in  Section  2.3).  It  is  difficult  to  ses  what  the  nature  of 
the  oevlties  in  the  liquid  oculd  be  (assuming  they  exist)  but  It  le 
oertain  that  they  must  be  smaller  in  sis*  and  in  number  than  those 
In  a oast  solid.  It  is,  therefore,  impossible  to  say  whether  a 
liquid  should  be  a ore  sensitive  than  a oast  solid  since  although 
larger  a x Q and  smaller  e favour  growth,  the  mealier  value  of  n 
u>«s*  not.  Anticipating  the  conoluairvu.  fmm  our  diserwsien,  thet  the 
mechanism  of  initiation  in  the  ga*.  teat  applied  to  liquid  explosive* 
is  different  from  that  for  Nulla  -^plosives,  -.vs  uust  oonolude  the., 
even  if  growth  is  the  oont rolling  faotor  for  both  oast  and  liquid 
T.N.T. , the  faot  that  these  here  Vua  sass  sensitlvwnsss  is  a 
ooinoddunoo  and  not  an  Instance  of  a general  phenomenon. 

‘fills  conclusion  is  confirmed  by  results  with  Piorin  Aoid  (Fig  7)* 
liquid  Picric  Aoid  st  120^5  has  a 0 value  on  Soale  II  of  34  compared 
with  w values  for  pressed  charges  of  Picric  Aoid  which  are  not  greater 
than  27. 

These  data  are  not  quite  conclusive  since  the  gap-  test  sensitive1' 
ness  might  have  a temperature  coefficient.  The  limited  evident* 
available  .‘ndicatev  thet  ary  such  temperature  coefficient  is  small. 

Thus  the  gap  sens!  lvenees  of  liquid  propyl  nitrate  is  not  more  thru 
one  card  different  st  -15°3  from  the  value  at  about  ♦15^3.  Similarly 
the  sensitiveness  of  nitrogusnidlne  changes  by  one  card  whan  the 
temperature  is  increased  free?  15°C  to  05%,  (22). 
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6.8  B.P.X/B.f.X. 

In  Section  4.2  we  have  suggested  that  the  s«nalti7sre*e  of 
pressed  SW/BIX  la  leas  than  would  ou vt^ipoad  to  the  growth  Cantor 
ft  z ^ If  it  were  honogenou*.  In  general,  whether  initiation  or 
growth  were  the  oon trolling  factor  we  should  csjeot  E.OJL.  systana  to 
be  wore  sensitive  than  other  solid  explosive#  ooaaidered  hare  with 
the  ease  value  of  Q beoauae  R.D.X*  haa  the  highest  rate  of  burning. 
However,  we  nut  rwaewW  that  H.'J.J/B.'S.X.  ia  at  leaat  a two  phaaa 
system.  When  K.D.X,  oryatele  are  oorered  wish  Beeawea  she  eavitiea 
say  be  between  these  ooeted  or  ye  tale.  The  aenaitiveaesa  would  be 
Btooh  lower  beoauae  beeawa u does  not  bum  (ia  the  abaenoa  of  air)* 

Su'-'h  a « w.ter.  should,  therefore,  be  lass  saaaitlve  than  expected 
fro#  the  heat  of  exploeion.  It  ia  poaei'ole  that  initiation  owtrt 
insilo  the  crystals  (o.f.  pressed  Z.1V.T,  weds  with  grsia#  fro*  oast 
T.N.T.  of  large  and  of  email  crystals)  rather  then  ia  the  was 
between  the  ooated  nr? itals. 


The  <*u>ted  rat;  of  bumlu*  of  B.D.X.  Is  definitely  greater  than 
that  of  P.i'.T.H.  (Table  in)  and  these  values  agree  apprcartantaly 
with  the  rates  of  burning  of  other  nit~«lne«  wad  erganio  nitrate# 
(ref  7),  However,  Bowden’s  work  cai  oavity  initiation  of  M.M. 
and  R.I4X.  (21)  suggeeta  that  P.X.T.X.  bums  faster  under  hi#  «#»» 
ditime  than  B.D.X.  Hererthelea#  P.S.T.B.  la,  fee*  all  eaperiwww, 
(oavity  initiation,  lapses  sensitiveness  end  gap  sacaitivwe-#-)  were 
eensltlv#  then  R.D.X.  11.B.X.  oryetela  are  harder  than  those  of 
P.X.T.X,  and,  therefore,  we  oaaaot  tssoolate  the  dlff.'  enoe  with  hot 
spots  produced  hy  intern  rye  tall  lna  friction  altheof.*'.  : i ic  well  feaun 
that  will  sensitise  R.D.X.  and  P.!*.!.  in  .«/«ot  te»te,  If 
R.D.X.  does  bum  faster  then  P.X.T.N.,  tie*.  .e  *uat  »»»<•«  that  sea* 
important  factor  baa  beer  «wiltted  fro*  our  eodel* 


7*1  The  results  of  oar  analysis  oe*  be  si— srlaed  as  follows j- 

(a)  the  shook  sensitiveness  of  :i<jjida  i»  u«temi»ed  by  !>'• 
value  of  tie  products  l x r acd£0Q,  the  seaand  factor 
hocusing  increasingly  Important  sa  the  oonfineusnt  la 
reduced.  This  behaviour  suggests  that  growth  father  the 
initiation  is  the  controlling  feotor  in  sensitiveness, 

(b)  the  rate  of  burning  is  a oa.lor  factor  in  the  meitiveoeae 
cf  ell  explosives, 

(o)  the  sensitiveness  of  pressed  T.W.T.  obargee  can  be 

reasonably  explained  by  a combination  of  oavity  Initiation 
end  growth, 
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(d)  liquid  f.N.T.  apparently  fit*  in  •US*  <>ther  liquid  explosives 
but  the  value  of  the  rate  of  turning  la  in  doubt*  The  faot 
that  liquid  fcud  out  T,?*.T.  have  the  iiaa  sensitiveness 
if  probably  a winoidcnc*. 

(»)  th»  difference  in  sensitiveness  between  H.D.2.  end  P.8.T.H. 
m\,t  originate  in  physical,  not  ohesi=*l  factors. 

(i)  in  binary  the  ptyeifiai  atate  of  the  binary  ayetaa 

may  be  of  Major  ii^c-tanoe,  «,g.  1EtS/!MZt 

(g)  in  rifle  bullet  teata  there  la  a oorrelatin*  with  gap 

sensitiveness  in  the  oeae  of  liquid  explosives.  If  there  in 
a correlation  in  the  oats  of  -olid  explosive**  it  la  a 
different  one  from  that  valid  for  liquid  explosives. 

7.2  The  gap  Teat* 

f«  have  obtained  aone  knowledge  of  tha  ahook  p: secures  tranenittad 
to  the  explosive  in  the  2 P..S.2*  gap  teata.  It  faaa  also  bean  shown 
(?lg.  I)  -hat  a series  oi  , hooka  la  tranoaltted  to  the  explosive  ao 
that  the  explosive  oh-rye  la  cviijeoted  to  an  • effective"  preeaure  for 
a tise,  X , which  depends  on  she  gap  thiokneaa.  Tha  oonaaquenca  of 
this  are  snalysri  in  Seoticaa  6.4.  Ve  oan  writ*  %•  t (p),  where  F 
ia  th*  "effective"  preeaure.  Clearly  f (*)  will  depend  on  the  type 
of  £•?  t«et,  i.e.  nn  the  material  of  tho  gap  and  on  tha  also  of  tha 
decor  charge, 

for  tha  purport ea  of  analyala  we  have  distinguished  between 
i.cMiaHen,  by  whi<->h  we  nean  the  starting  of  a ooobuatl'w*  reaction  at 

peia;  or  pjiin.a  in  she  explosive,  an.'  &ro#ib  at  these  points* 
i.e.  a positive  value  of  dP/dt  at  those  points.  InitleUut*  say  he  by 
adlabatio  compression  of  gas-flltM  boles  la  tha  explosive*  i.e. 
oavltiee*  but  it  is  pro  sable  that  this  is  not  the  mechanism  in  liquid 
explosives  (see  Section  7,4).  If  f.u  charge  ie  «noued  in  metei*  tha 
shock  free  the  gap  will  be  tranaeitted  to  the  ocntelnera  ae  well  ae  to 
the  explosive,  iue  partlole  valooitiee  In  the  container  anr*  explosive 
will*  la  general*  be  different  and  tIswus  heating  of  the  explosive 
at  the  boundaries  nay  be  the  cause  of  initiation.  Zt  hac  been  shown 
that  confinement  ia  an  important  faotor  in  41v  growth  process.  It 
oan  be  «»«u.  iiwrjfiro*  that  the  type  of  container  used  for  the 
explosive  charge  may  be  Ijqoortant. 

The  two  preceding  paragraphs  oan  be  sunned  by  the  atatanart 
that  the  sensitiveness  measured  by  a gap  teat  depends  on  tha  co**eri- 
mental  technique  v well  as  cn  the  explcaive.  To  illustrate  these 
point*  wo  quote  the  following  results «- 

la;  ~-m  .....  wel  brown)  T.H.T.  *nd  liquid  T.5.T. 

at  TCu"!  have  about  the  seme  av.uiitx  _ — ®<*«iee  II  and 
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SI,  iuiailMui  vo r ken  (23)  using  a different  arpsrtacntal 
arreng«&antat  fovmd  Squid  T.N.T.  to  be  appreciably  1ms 
censitiTe  than  asst  T.W.T. , 

(b)  Dltbekite  0 13  is  less  ssneitive  than  ethyl  alir«t&  on 
3oale  IS  but  more  sensitive  cn  goals  X, 

(a)  J*  Savltt  (24)  mentions  that  ihe  relative  eensltiTsmeaa  of 
3.O.Z.  and  Tetryl  aid  of  Composition  A,  and  T.N.T.  la 
reversed  whan  the  container  material  ia  changed  froa  bra aa 
to  aiivkniua. 

Originally  thla  work  on  tba  gap  Ut  *u  atartad  at  S.B.B.1,  oa 
tba  mas  uagiti.ua  tnat  tba  taai  was  physically  a * icy  la  cm*,  i.a.  tba 
propagation  of  a single  shook  wave  into  tba  axplosiva.  fbia  ia  not 
true  but  tba  efforts  aada  to  obtain  a battar  plotura  of  tba  areata  la 
tha  gap  last  have  halo  ad  to  obtain  a battar  undere-  aiding  of  tba 
aeohanlaa  of  sanaitiranaaa.  Tbua  points  (a)  and  (b;  abort  nay  bo 
explicable  in  tana  of  tha  oaifinement  factor.  Point  (o) , if 
oonfiraad,  probablr  oannot  ba  explained  In  this  way  beoauat  «M  and 
for  S.C.2.  arc  larger  than  for  tatrrX  and,  therefore,  under 
certain  conditions  there  any  ba  aona  meohinl  an  of  initiation  other 
than  oavity  initiation,  a.g.  rlaooua  baa  ting,  ia  whiob  oa aa  tba  low 
temperature  rata  of  decomposition  of  the  explosive  beoonee  an 
important  faotor. 


fa  ahall  raatriot  our  dioauaaion  to  inpaot  sensitiveness. 
Measurements  of  impact  aanaltirtnoaa  are  nomally  carried  cut  with 
pores rau  exploaiTe*  which  hare  been  lightly  tamped.  la  such  saaaura* 
aanta  tba  parttol*s  af  tba  explosive  oan  relative  to  each 

other,  1.  a.  frictional  heating  ia  possible,  air  jooksta  are  enclosed 
in  tba  explosive,  i*e.  *arity  initiation  ia  possible,  and  with 
certain  types  of  striker  pi  „:tio  defamation  of  tba  striker  oan  ooaxe 
and  thus  « hot  upot  can  ba  formed  on  tbs  striker.  With  P.5.T.N. , 
in  tha  absence  of  grit  tha  Initiation  appears  to  ba  oevity  initiation 
(kx),  wnereaa,  with  acme  of  tha  prinary  explosives,  act  spots  are 
formed  by  friotional  heating  or  jocaiiaad  plastic  flow  in  tha  e^ratUa 
(21),  Acoordlag  to  Kyster  at  alia  (13)  tba  addition  of  grit  to  *» 
explosive  does  not  altar  its  gap  test  sensitiveness  (oolled  ’booster- 
sensitiveness  in  tha  U.3.).  for  is  see  as  ant  of  handling  haaarda, 
inpaot  testa  are  nora  algniflsant  than  gap  tsats,  despite  tba  fast 
that  the  result  a are  generally  qualitative. 

Another  important  aspect  of  an  aa  assistant  teat  ia  tba  criterion 
for  a "poaitiiw"  of foot  in  a teat,  la  gap  taste  we  bavw  used  either 
the  fragmentation  of  the  oon  Ulnar  or  the  am  omit  of  image  to  a thin 
mUl  cover  plate*  7*  inpaot  taste,  the  volme  of  gas  evolved  by 
tha  explosive  (potter  lmpaot  Maohina)  or  tha  sound  from  an 
explosion  is  used  aa  a criterion.  Row  the  inpaot  and  gap  pressures 
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rttjuir,*!  to  i roduoe  these  results  be  different*  ¥ 1 tb  two 
irploo.’.TSS  A sr.d  b.  ”»  «*y  hava  tha  f«11rrwln  «tnta  of  iktt* Imi- 

®b  < % !B)  ■*-  p < * * 

(A)  > 2^  (3)  whim  £>  > ?p 

1.4i.  A ?111  appear  lenc  sensitive  than  5 under  or.e  eet  condition* 
and  u>.«  .tensitive  under  another  aet.  Tbua,  tt  if  « 1C0C  p.s.i.,  2^ 
(Tlf?y  <v  1,0  ay  aao  ( extrapolated  f «=•'■»»  T*btw  ITT)  wit  •«»  sill  i.»  lower 
( s*';  SrCtl'm  b 4}  and  ^ ■ 0.8  ae/aeo  HU  the  fate  of  burse- 

lug  «»f  it;i,r.  appears  to  iaursjua  linearly  rt+b  the  pr*««vr*  wh*i<.*aa 
that  of  0i4  tssrsMse  a*  P*  ( .mpyb)  lehed  data  of  Mr.  G.Z.adaeis, 
8.B.D.*,),'  At 'lew  Initiating  pressures.  i.e.  loose  powdera  in  impact 
t4it,  ma  uKiU  nay  «*•  a a aar.eivirw  or  ewwti  mot*  aanaitiv*  than  ?.!?.?. 
but  at  Initiating  high  pressures,  i.e.  ootapreeaed  pew  do  re  In  gap  teat, 
should  be  leae  sensitive.  Another  oeee  in  point  la  oordito.  Xnpaot 
teata  on  ooraitee  are  always  carried  out  with  the  finely  divided 
material  «sd  under  aush  conditions  the  oorditee  ere  quite  aeneiti'js. 
Gap  testa  aeaeureeuste  on  oordite  charges  show  that  they  are  very 
insensitive.  A good  oor&ta  'targe  ban  no  pooketa  of  f-as  and, 
th«.i  oiOf  0,  cavity  initl a •lou  is  impojsiulw.  In  ■anufaoVare,  oordite 
la  prepared  either  by  a solver,  tleee  or  solvent  prooesa,  I.e.  the 
oordite  ie  never  in  the  for*  of  e fine  powder.  Under  aanufaoturing 
conditions  the  lapaot  aansitlvwneaa  of  finely  divided  oordite  la 
Irrelevant.  If,  however,  it  la  necessary  to  uaohlne  or  saw  the 
oordite  charges,  the  high  lapaot  senaltlwneec  of  the  finely  divided 
pvTder  is  aigaifissnt. 

N eve  r tael  am  a ^ there  tr  t broad  oorrelatloo  between  the  gap  and 
tanaati  geaaltlvwneaaaa  of  toy  explosives  end  we  Bust  asorlbe  this 
t..‘  th«  i*pn**t*u?  role  played  by  tie  rate  of  burning.  Slaoe.  fron 
the  point  o i view  or  handling,  axploslve  fcumi~i  fs  2 ttvisva  fcasend, 
the  low  pressure  rate  of  burning,  -vnloh  detwribluea  the  seoaitA venues 
of  loose  powders  or  solid  cocp^aive*  or  e liquid  esploaiv*  containing 
air  bubbles,  la  proBably  a aore  1 7ortant  aenaltiwness  paraaeter 
then  ;he  high  pressure  rate  of  horsing. 

?he  ease  of  oosposite  explosives  ie  ooneidered  in  Seotion  7.5* 

7.4  Mould  axploeiTM* 

Xn  the  gap  tret  waaauraaent  of  the  senaltlvaaeee  of  lio>»4 " 
exploeivee  we  have  shown  that  the  results  oan  be  correlated  the 
aeauwpttou  that  the  growth  of  the  explosion  oentre,  and  not 
Ini  tie  tine,  is  the  controlling  proomie.  We  do  not  yet  knos  ' ’-at  th* 
neohaiiac  of  initiation  is  but  two  possibilities  suet  bo  ocuaiuwrsiii- 

(*}  very  snail  air~bubblea  iu  th*  liquid,  and, 

(b)  local  fluotuationr  in  density  In  the  liquid. 

We  oan  obtain  an  on  ILnm ta  uf  tuo  eieo  of  «r.r  oukble 
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fra  3^’atisa  2 or  ippsedix  VT  (to*  »i»ot  aquation  would  give  a higher 
value  of  the  aiae).  With  ?.e  1 att.  we  here,  . 

■k  . S%s  ,2.  «s.  i.fl.-pt'-HM 

W. «.  «d*  * 

in*  u*03r«ai*tiae  ia  the  values  of  'X , a sad  Y ere  »jt  iaportant.  If 
Vo*  gee  ie  %fco  bubble  ia  air,  « aer.<*9  Y * 1.*,  i.e.(x**«i{#f«0.75t  A<w 
ID"*  j/ceueeo.  sad  So  10  oei/at,.'<e.  f ia  the  density  la  the  pre»  c 
MC*buetli»a  iou,  The  taeparatura  la  the  oavity  after  adiabatic 
zc-*grmetxm,  is  high  (about  3CC0°I)  end  a value  of  fa  0.0001  P j/aer 
aovulu.  u;  be  ia  error  by  sore  then  o fester  if  *»e  ?*■*»  «ith  9 « 

10*  tea,  For  sea?  liquid  cxplceivee  I • ^ l f . With  theae  vulaee 
too  equation  above  baooeeit-  , „ 
r*  ^ Cu-i  * h5-m 

3oee  eetieatee  of  rQ  from  this  equation  ere  given  in  Table  XX* 


Mutuum  BffiBLi  size  *» 

C17ITT 


BR&BB 


q 

P etna  x 10“3 

ra 

HFLOfllT* 

eel/ 

preeaure  in 

aee 

P» 

gap  teat. 

Xthyl  Nitrate. 


ui  «ruaa  tiiuia. 


Propyl  Hltrate, 
D.3.G.X. 


.003 

.0023 

,oo!?a 

.0J7 


4.7 

(3oale  IU) 
14,3 

(tcale  HI) 

22.2 

(3oale  IZX) 
5,25 
(3oale  X) 


4 * KT4 

9 * lor4 

1 - lu-4 

2 x HT4 


31noe  thie  ia  hie  wiaiai*  of  gee  bubble  fer  Initiation  uadb  • the 
preaaura  conditions  in  the  gap  teat  r iAoh  give  a poaitive  effect,  and 
ainca  va  hero  abeam  that  the  raaulta  oan  be  correlated  with  1x9 
(growth)  end  not  with  */Q  (oavity  initiation),  any  bubbloe  really 
responsible  for  Initiation  euat  bo  larger  than  thia,  i. «.  at  least 
XC^ona,  Xt  ia  diffioult  to  believe  that  degeseed  liquid  axplosivee 
do  .contain  hubhlee  of  tbia  alee,  exoept  an  oooealonal  oui* 

It  haa  been  ahown  that  addition  of  eiigle  bubblee  (dimeter  0.1 
an)  to  D.B.G.W.  increases  the  sensitiveness  vary  ■ lightly  (17).  This 
oust  faoilitate  initiation  but,  sinoa  we  have  found  growth  to  be  the 
controlling  aesbeniee,  it  would  not  be  expected  to  have  mob  effeot 
on  ;he  gap  sensitiveness. 
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It  Id  known  th-.t  them  are  density  fluctuations  In  a Ilona. 

When  & liquid  la  ccepreaaed  there  west  be  local  increases  of 
temperature  at  the  microscopic  regions  where  the  density,  bsfare 
oonprejsion,  was  below  the  aaea  dara..ty,  for  aimplioity  in  calcula- 
tion ww  shall  assume  that  the  liquid  contains  * holes'* , These  "holea" 
axil  h«  distributed  at  random  la  the  liquid  but  at  any  sooent  there  la 
a finite  possibility  that  rny  aicrnsaopio  region  contains  mors  than 
the  aTirage  nuu&er  or  holes.  Such  region*  will  be  ones  of  lew  danalty# 

Wo  oar:  ret-L-sat#  the  sintsua  alie  of  the  region*  the  following 

way.  It  wa a ahown  in  ref  2 that  the  minimum  aiaev  r,  of  savity  in 
whioh  oombus  i,im  oould  >“»  propagated  wee 

'il  * m *h  . Jr 

nfcc  a>  owe  r 

With  the  values  In  Table  XI  we  find  that  f;«5  x 10“' ss.  The  merer 
neoesaary  to  atari  the  aombustion  reaoticn'ia  (2) 

- vS'+e'.-J^  ^ 

whioh  for  sthyl  nitrate  la  about  3 z 10~?onla  (values  for  ♦**  other 
■auloaivas  in  Table  XI  m cu  e between  luT^and  10~'oala).  Ibis  onor^y 
hoWrer,  will  net  all  be  pt-oduasd  by  adiabatio  esapreaaien  if  the 
local  rise  in  temperature  la  &uf fiolsnt  to  daoowpoae  scat  of  the 
explosive  solaoules  in  a tins  of  the  ordsr  of  a few  niorossoomds. 

The  n'aabar  of  u&loriearejeMod  in  a domain  of  radius  r0  (initially) 
assuming  that  ocaqpiste  dsccapsaitica  tahsa  place,  is 

U\  X ***]%  * *♦£*  * 1%  * l|.s«0H*  «*f 

whioh  is  ssaller  than  the  required  energy  by  a factor  of  17  (allowance 
s'ould  r»  rale  f«*r  the  faot  that  the  reaction  is  a constant  voJwe 
rather  than  * constant  pressure  reaction  «nl  the  aiinb&tic  heat  .of 
ocmpreaaicn  should  be  added  but  sa*  jo  oorrejtionj  will  not  aetsri.-lly 
affeot  the  result).  This  indicates  that  the  complete  decomposition 
of  all  the  ethyl  nitrate  In  auoh  a r-'vity  would  ~ot  be  sufficient  to 
<•*«*>»  the  oombuatioc  rcr.otion,,  i.e.  the  uiniaua  cavity  site  would 
be  about  10  times  larger. 

If  the  oompreaaica  raises  the  temperature  In  the  ja-H  domain 
from  Tq  * 300°?:  to  ‘tt’-,  a th«r»»l  oxuloaifjh  ‘*dll  be  nroduoed  in  a 
timet.  Treating  this  thermal  explosion  as  an  adiabatic  first-order 
process  (which  gives  a minimum  value  o tX)  t It  oan  be  ahown  that 

x ~ . •jp 

■— I Q E 

for  ethyl  nitrate,  1 ■ 39.?  k.oalg/nole,  Q <-*  70  k.oalVaolo,  lcw  B ■ 
15.8  and  % ( for  ethyl  nitrate  vapour)  * 30  oalaZmole.  W.'.th  these 
values  t ■ j x 10 n*-  *e<3s,  T ■ 600°K;  ^w  5 x Iff*®  sees , T * 700^C; 
t*  2 x 10'" ■'  aeos,  T * SOu^.  The  delay  before  ignition  on  navity 
Initiation  "'?)  is  w^ejYt'fwhioh  for  ethyl  nitrate  (P  ■ Iff*  ataa,  ▼ * 3 
cs/uee)  is  sros.  Experimentally  the  daisy  for  D.K.G.N.  oontaix*- 

iug  s.  bubble  iiii.Mitod  by  the  g«y  teat,  uuald  X,  i»  ibout  Mt«>rs 

aeo.  (17).  Assuming  thefc  tue  hot  spot  must  be.  fumed  in  i time 
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certainly  not  greater  than  100 ^Liao,  V must  lie  bet*i«a  6U0  and  700°K# 

The  bulk  rise  in  temperature  when  water  ia  adiabatioaliy 
expressed  to  lOrataa.  ia  about  35*0.  We  ahull  an-uaa  that  this  riaa 
in  tessera ture  la  bought  about  whon  aoao  of  the  * holes’*  in  tha  liquid 
are  filled  by  ooapreasisn,  i.  a.  forcing  molecule*  into  than.  If 
expioaive  liquisa  Sehave  aiailarly  (rough  calculation*  on  methyl 
nitrate  (10)  give  a joaller  riaa  in  temperature)  10  tinea  cor*  usles 
are  needed  than  *4  Let  on  tha  average  par  unit  volume  of  Hquid  in  tha 
domain  a?  radius  10  r0  ■ 5 x 10^  on.  in  ordar  to  gat  a riaa  ia 
temperature  of  320  to  400^3.  3inoa  liquids  at  tha  malting  point  ara 
5?i  to  5jj»  Lu«  dense  than  solids  at  tna  same  teaperuture,  we  oar*  •ay 
arudaly  thit  a liquid  oontal na  JJJo  to  % "holea",  i.e.  plaoaa  Thera 
molecule a were  in  the  solid  slate.  This  awana  that  tha  liquid  would 
have  to  have  la  'with  dimensions  of  10-4  on)  of  iaaa  than  naif 

tha  naan  density.  This  ia  moat  unlikely. 

fha  two  possibilities  discussed  abo«w  ara  net  aeohanlaas, 
therefore,  for  tha  Initiation  o*  liquid  sxploaivaa  ia  tha  gyp  teat. 
Other  poaaibla  mechanisms  ara  visoous  heating  between  the  oontainar 
and  the  explosive  and  concentration  of  a hook  »»vee  by  rcflaotion  from 
tha  container  walla  Without  further  experimental  data  it  la  futile 
to  speculate.  However,  4V*n  if  tha  t»e«hanism  of  Initiation  in  tha 
gap  teat  ia  found,  it  <»ay  still  give  no  explanation  of  hew  low  valooihr 
detonation*  propagate  in  nitroglycerine,  methyl  nitrate  end  dlethrleaw- 
g’vnol  diaitrata  where  the  velocities  of  propagation  ara  ^2000  n/\ 
and  tus  w — k praaauraa  ara  Iff*  atm a. 

7.5  Solid  Bgglgairoa. 

On  tha  b 1 diaouaaed  in  this  report,  wa  have  shown  that  tha 
of  prosasd  ohrt-£*“.  o'  .-jclid  explosive  ca  increase  or 
decrease  with  density  depending  on  whataor  the  Ountr  . ^ .aator  ia 

growth  or  initiation.  3imiiar  results  have  been  found  by  Arerioan 
workers  (2C,  23),  At  I’e-.jitira  r.ear  the  absolute  denaity  intiation 
nay  be  by  another  mechanism,  *..e.  by  the  temperature  rise  produced 
by  compression  of  the  bulk  explosive.  Our  model  thus  aooounta  fur 
the  phanfrsenon  of  "dead  pressing*. 

When  wo  consider  oomposita  erploslvea,  the  p.rture  becomes  ■«. 
more  oomplioated.  Compositions  oonzl  ;ting  of  an  explosive  plus 
on  inert  opponent,  e.g.  RDl/BtX.  ara  oonsidared  in  the  flrat  pieoa. 

If  the  liter t oomooner.t  completely  oovara  *aoh  crystal  of  the 
axploaiva  component,  and  if  the  crystals  or, n tain  no  gas-filled 
cavities,  tha  composition  should  behave  u inert  arterial  to  prasraraa 
less  than  required  for  the  i itiation  of  "dead  pressad*  .aterial. 
w*  o.'-n  make  an  estimate  of  th  • thickness  of  inert  layer*  in  the 
following  way,  "sing  RhX/fax  as  our  model.  Let  us  consider  crystals 
of  diameter  d am,  and  oavities  of  diameter  2d  (inspection  of  equation 
4.  or  Appendix  VI  shows  that  this  oorresponda  to  a bulk  denaity  of 
about  J/fJth  of  the  absolute  density).  The  thermal  energy  released 
in  the  cavity  v„  adiatatlo  compression  from  a pressure  of  1 atm.  to 
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on#  of  P atrne  io  easily  shown  to  <j*  (♦  •aiming  air  in  the  oavlty  with 
a molecular  rsi^t  ft ) 

x.  (w.)1. 

. w * 

whar«  ? /»  i.V  And  o * ajnaif^e  host  per  eels,  If  ? 

1 x ltr*  atus,  T XXX) “S  *n-j  «#  can  therefor*  neglect  T0  end  obtain 

• **•  £T 

^ IFF* 

-hi;  haa*  i«  to  be  absorbed  by  the  fusi  wi  of  the  inert  material.  LX 
the  t..ao’oi99*  r.t  tb*  inert  material  isfcam.  , it*  effective  laten* 
heat  or  fusion,  i. e.  the  energy  required  to  raise  the  inert  material 
fron  *f«  tn  it»  melting  poirt  and  to  fuae  it,  X-,  and  ita  density 

gQIJQ  * 

p;  .*fC  (Ai)*  s.  L * ^ - A-*  .££  o*'  4f-  * j l”*1*1*  fi  0 

i.-..;:zatng  j . tOOO^C,  « « 10  oni/mole,  T0  ■ 300,  p1  - 0.3  L m 

50  o*2/g.  V i ^10“  . If  p9  is  the  density  of  the  explosive,  the 
percentage  of  inert  material  is  600  , t^d  *ft/p«.  For  2DX, /»,  s 
1.3  i/caO  and.  Tor  a wax,  fa  - 0,3  * hcaoe  about  3$  of  wax  nhvuld 

be  aufflsient  to  dessnsitia*  H.D.X.  Usually  about  10*  is  used  bet 
Fannie  and  Sterling  ( 25)  report  that  % Beer  ax  or  Aoravax  is  ouffie- 
ient  to  deeaneitlse  fine  & D.X,  It  should  be  noted  that  the  density 
of  the  vex  dees  not  enter  into  this  calculation,  the  requlrsaents 
of  the  wax  are  that  it  ahould  hare  a large  heat  of  fusion,  L,  be 
•asT  to  spread  over  the  explosive  and  adhere  strongly  to  the  aurfaoe 
of  the  explosive  so  that  it  la  not  removed  during  handling.  Slnoe 
for  most  purposes,  « pourable  exploits  is  required  i * follows  fron 
this  discission  that  the  minimal  amount  of  wax  is  determined  by 
pourabtlity  rather  than  sensitiveness.  A high  density  wax  la  olearly 
undesirable  if  a pourable  composition  ie  required. 

The  T W,T,  in  HIiX/TKT  oowpo<dtioa*  oan  be  regarded  a*  the 
a«e«naxTiser  ana  this  ie  supported  by  the  fao*  that  thsco  compoeiticsa 
approximate  to  T.N.T. , rather  tnen  r..'j.A. , in  toalr  aensitivenssu 
beriavi-jur. 

Composite  wxpiosivea,  suoh  as  NS, dtOi/Ttn/ k&,  prasent  a muob  mors 
difficult  case  for  analysis.  S"nh  rcS-isitima,  based  on  iSL 
are  rmsitive  tc  lmpaot  teste  but  relatively  much  less  sensitive  on 
gap  teats.  In  lmpaot  teste,  there  is  plenty  r.t  air  in  thr  lightly 
tiaped  oowpoeition  so  that  oxidation  of  tho  .-■'uninitmi  way  pro  rids 
the  necessary  hot  spots,  and  friotion  and  j fistic  deformation  any 
play  a sigoifioant  role.  In  pressed  charges  of  this  nateriai  there 
is  suoh  less  air  and,  therefore,  the  necessary  oxygen  to  bum  the  JUt 
must  he  obtained  from  the  NH^CliO^  which  is  thereally  a very  stable 
material.  It  la  not  at  all  clear  "hat  the  mte  of  burning  of  il~ 
ooopoa.ite  onat'g*  is  relevant  in  this  oas*.  it  has  been  shown  that- 
pressed  ahar/jes  of  . ^GtO^/TNT/JLt  a . « mors  sensitive,  at  the  saps 
density,  th-u.  oast  oharges  of  the  «ame  oojipoaltion  (26).  W«  suggest 
that,  in  the  cast  oharges,  the  T.N:T.  oovers  the  alumlnltfei  so  that 
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oxidation  o:'  the  slr.'"ir.ium  by  the  d'-compiaition  produo  :a  of  the 

la  t. “event On  this  oasis  we  oan  undsretana  qualitatively 
why  loose  -'omd***  of  the  three  coaponenta  are  as  Deceit  ive  a*  R.D.X. 

— ^ isp.^Cw  t2c*2  bu«  sri^h  Lt2  3 sisvs it-iy*?  £**n  urul 

cnren  acre  instil*  itl^  &a  o*it  compositions* 

It  was  also  found  (26)  that  the  ^an  sensitiveness  decreased  with 
iacrcaaicg  density.  A3  the  density  iaore.  sea  the  mean  aistar.cr  bfctweer 
fuel  and  oxidant  ootnponenSa  oust  iraraaae.  In  order  to  get  an  ej»« 
thernio  reaotlas  between  the  kt  and  thr  NTbC£02,,  * diffusion  flane 
•vust  ba  sat  up  between  then  ml  this  "’ill  be  nsre  difficult  th*  w»t* 
er  the  separation. 

dur lioirnt  nas  been  o*id  to  inulnat*  the  ^oiu^*llcatlor«a  1m  into.— 
prating  the  behaviour  of  coopoaite  syutams.  It  is  propo»«i  to  invest- 
igate the  sensitiveness  of  binary  mixtures  of  and  certain  fuels 

as  1S.R.D.5.  V&a  a wealth  of  aocbuaticn  data  on  this  type  of 

7.6  Rifle  Bullet  Sensitiveness. 

It  has  been  u own  that  there  la  a reasonable  correlation  between 
the  sensitiveness  of  liquid  «xplosiv-e  on  the  gap  test  *-<l  to  rills 
bullets.  Sir.oe  the  gap  teat  measurements  oan  be  correlated  by  tbs 
assumption  that  growth,  and  not  initiation  of  explosion  centre*  is 
the  controlling  mechanism,  it  in  logical  to  apply  the  eane  ooaolcsion 
to  positive  effects  produced  by  rifle  bullets.  We  say  "positive 
affouve"  boooUod  tha  results  produced  by  rifle  bullota  wary  fre-a 
mild  explosions  to  complete  detonations.  Further,  plastio  propollanis 
give  a high  percentage  of  explosions  although  their  gap  send  iveness 
is  low.  As  a possible  explanation  we  have  suggested  that  the 

* sff sot*  in  the  rifle  bullet  teat  starts  as  a lo*  pressure, 
i. e.  ^'.O^atm,  ooabuation  yrooess.  Whether  the  rifle  bullet  oauaes 
this  as  a result,  of  frictional  heating  of  the  explosive  during  its 
passage  througl*  the  expic-iee,  by  forming  a hot  spot  at  the  bade  or 
front  of  the  container  fro*  k.be  work  doni,  in  piercing  the  container 
or  by  the  pr.“d*i:itinn  of  shock  waves  is  not  known.  Whatever  the 
tceohani.*"!,  hovr.ver,  we  cannot  aspect  the  correlation  between  rifle 
bullet  aai  gap  test  to  bs  necensarily  the  same  for  liquids  ss  that 
for  solids  be co use  the  initiation  process  it  the  »ap  test  is  di.*"  w ant 
for  the  two  olaasca  of  materials  ar.d  w#  suggest  that  the  initial 
pressure  conditions  in  the  two  types  of  t«al  are  also  different* 

Two  types  of  researoh  will  be  necessary  to  olarify  this  crude 
picture,  Firstly  a detailed  study  of  the  time  between  impact  and  a 
positive  effect  with  different  masses  snd  energies  of  : egaent 
(bu.1  let)  under  different  confinement  conditions.  Seoondly,  a 
comparison  ->f  the  rifle  bullet  sensitiveness  and  gap  vest  seneitivsners 
of  systems  for  which  the  Bj/?  curves  cross  at  some  pressure.  The 
fe1 lowing  systems  are  quoted  as  examples*- 

(a)  ethyl  nitrate  ana  5 butsr.e  aiol  uinitrate.  It  is  ’-“cvr. 
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that  ethyl  uitrate  has  the  higher  rate  of  burning  at  P*** 
ICO  atraa.  whsroaa  it  is  loss  sensitive  on  the  g»p  teat 
Simla  TTT. 

(b)  <•.  plastic  propellant  with  and  without  a combustion 
catalyst  for  which  the  catalysed  oompoaition  wf'il  Iiave  the 
higher  rate  of  burning  at  low  pressure, 

(c)  T.N.T,  TJJf^cSOi^  since  Rj,  (TNT)  increaeea  linearly  with 
pressure  whereas  that  for  N%C£Oj,  inoreaaea  ae  ?*,  and, 

(<1)  ethyl  nitrate  alone  and  catalysed  with  an  amine  (5)* 
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Our  t.ieais  is  that  the  naee  rate  of  burning  combined  with  the 
hest  of  explosion,  la  a good  criterion  of  the  sensitiveness  o*  a 
compound,  In  gap  teat  rae&*u»<woent3  the  high  pressure  (above  1000  atm) 
rate  of  burning  appears  to  be  relevant  wnereas  in  imps at,  and  possibly 
in  rifle  bullet  testa,  the  rate  of  burning  at  lower  pressures  appear* 
to  be  important,  Howeve. , with  a given  composition,  the  sensitiveness 
can  es  varied  over  a certain  range  by  alterations  iu  the  density, 
grain  ais*  am  crystal  ai*«  or  form  (e(  aud  6 H.M.X. },.  Completely 
satisfactory  daseneitisation  implies  tliat  the  energy  per  unit  mass 
and  Uie  density  cf  the  explosive  is  net  reduced.  The  »wthod  of 
application  of  tn«  explosive  also  adds  additional  restrictions.  Thus, 
if  a pourable  composition  ia  required,  *,<*.  RDJ^’TNT,  KDZ/?BXt  the 
minimum  amount  of  liquid  phase  required  is  probably  above  the  minimum 
amount  necessary  for  satisfactory  deaenaitiaation. 

Uesensitisetion  can  be  achieved  basieal ly  in  two  ways.  The  first 
iha«  tne  rate  of  burning  snouxd  be  reduced,  v,*  th  as  little 
reduction  in  the  energy  as  posaibi...  Reduction  L.  the  rate  of  tu-n- 
ing,  without  reduction  tn  energy.  Has  not  been  achieved  except  by 
mixing  systems  such  as  ethyl  nitrate  with  nitrem- thane  (Tehle  i). 

The  second  way  ie  to  prevent  necnanical  action  frws  producing  hot 
spots  in  the  explosive.  For  liquids,  this  naans  avoiding  the  presence 
of  all  gsa  bubbles  m the  liquid  which  if  difficult.  There  is  soma 
indication,  however,  from  Bowden's  work  (15)  thst,  in  impact  teste, 
the  viscosity  may  be  of  some  importance.  In  the  case  of  solids,  we 
must  reduce  frictional  heatiug,  localised  piastio  deformation  in  Uts 
crystals  and  cavity  initiation.  In  theory  it  i»  possible  that  acoM 
control  of  the  first  two  factors  can  bw  achieved  by  modifioations 
to  the  crystal  form.  All  three  factors  can  be  controlled  to  some 
extent,  by  coating  the  high  energy  components  with  soft  materis** 
such  a a w*x«s.  We  have  suggested  that  ^ tS  wax  should  be  sufficient 
to  deaen-itiie  a co-xjoutv?,  such  as  R.D.X.,  against  cavity  initiation 
but  we  do  *>nt  Wry**  met  her  «ueh  nmulT  quantities  would  be  effective 
in  impact  t<-vta  with  gilt  present.  ?e  can  see  that,  with  such  small 
quantities  o*  desenai • •i-r,  the  piiyoical  properties  of  the  daawn- 
sltiaer,  apart  from  ttu-  .eivvart  thermal  ones  »nn  r.hw  ability  to 
adhere  strongly  to  the  explosive,  are  of  minor  importaroe.  Xhc 
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greater  the  quantity  of  desensitise'  , the  more  important  beooee 
propertiea  soon  u density  and  energy  oonteut,  Of  these,  the  density 
is  piobably  moat  important  sines  detonation  preesu.*  is  approximately 
proportional  to  the  «u‘;.gy  per  unit  &•«»,  but  to  the  aeooiiw.  power  of 
toe  density.  A high  density  dasaneitiser  increases  the  difficulty 
of  application  because  its  volume  la  smaller. 

It  is  shewn  in  ref  7 that  the  rats  of  burning  st  pressures  of 
)0  a tea.  is  a monotoalo  function  rf  Q Hut  that  explosives  tan  bo  divided 
into  three  broad  classes:  nitraoinee,  nitron  ooopounds  and  nitre- 
wepsundo,  the  ruts  of  burning  at  a given  Q decreases  in  this  order. 


American  workers  have  realised  that  the  aliphatio  nitrocompound*  off  er 
• fruitful  field  of  research  and  hare  specifios.'.ly  locked  fur  a 


•uwaw*wui>4  iur  7..T.7.  lliia  fl-sii.  R.f.X.  uik  H.1I.X.  aTe  ^vu 
explosives  bscaus?  of  their  stability,  f Airly  hi  1 energy  content  and 
high  density.  The  efficient  utilisation  of  these  explosives  requires 
either. 


(a)  deaeniltisation  with 
dessnsitisers,  or. 


smell  quantities  of  high  density 


(b)  oombiiui felon  situ  au  aliphatic*  nltr: ooapound  with  the 
minimum  reduction  in  energy  and  density. 

Class  (a)  will  give  compositions  whien  cannot  ue  poured,  but  most  be 
Dress- filled.  Clues  (b)  oan  give  pourable  **apositiuu*.  The  sppli- 
caticn  of  these  ideas  to  explosive  systems  will  be  discussed  is 
another  report  at  a later  date. 


RF.FEHRNCRS 


1.  £.  u.  Rideal  and 

A. J.B. Roberts on. 

2.  G.K.Adamr  d : L,a, Wiseman. 

5.  R-Pape  at  S.C.  Whitbread. 
km  L.A.Wiroman. 

5.  C.K. Adams  at  G.W. Stocks. 

6.  G.f. Stocks. 

7.  C.K.Aiams  & L.J.Dn«mond. 

3.  C.K.Aiss  ■ A G.O.  Lloyd. 

9.  ji.T.Selsyev  A A.B.BelaTeva. 


Pren.  Roy.  Soo.  19L9  A 195.  IV 

2 .«•£.*.  Teen.  Heoo.  No.  W52. 
S.R.D.H.  Teoh.  lino.  No.  2VV52 
2.R.D.2.  Rep  ,rt  No.  U/R/51- 
2.R.D.2.  Report  No.  J/R/51. 
E.R.D.S.  Report  No.  lO'yso. 
2.R.O.B.  Report  No.  V*y53* 
2.R.D.B.  Report  No. 

Gomptes  R endue  (Doklady)  1%^3 

52s  805. 


Confidential. 


.•hitbre'id  <*  iii3«mun 


Uonfidontial 


i5 

13* 

14. 

1 

15. 

#1 

•3 
■ a 

io. 

J 

'>91 

i.:1, 

■t  a 

'x 

*2 

IQ. 

i 

26] 

$ 

21. 

ill 

22. 

l 

23. 

J 

24* 

1 

25. 

20. 

10.  3 > J . J .c  ok.  A W.B.Buct* 

11.  2.  Pape. 

1 A * t»  ts  .1  . j I -j  n«1  

Jh*  A’*Arf«A4hj  v#V  v»  A*t  «Mw5i.«J#TUs 

1.1*  K.r.Andrew. 


A TJ.G.fhitbraad, 


B.  £.  »7  ui  tb  r tad, 
ter,  L.C.Umltu  i 
S.R.f&l  toS. 


0.3.R.i).  Report  He,  6J29. 

S.R.D.2.  T«cU.  SJmo.  a/ty54. 
Ccsptoa  P.sr.dua  (DekJ.f**y)  1947# 

£?,  491.  v 

Coaptea  R«nd»«  (Poklady)  194Q 
lit.  39.  . , 

2. 2.3.2.  Eopoft  Ho.  2S/V51. 
ibe  "nittatior  4 Growth  of 

Acploeion  in  Liquids  tad  Solids. 
Canbridgt  Uhlrtreity  rreae  1952. 
A.H.2.  iltoo.  No.  V'^l. 

2.2. 3.3.  Report  No.  17/V52. 

iota  Piysiossh  aio-  2352  1547*  ~L, 

557. 

N.u.L.  mm.  10 .068. 

N. O.L.  Mmo.  10,577. 

Proo.  Hoy.  Soo.  198*  (1949)  P.350. 

2.R.3.2.  Tsoh.  IhMO.  No.  1VV51- 

XO.L,  Ueso.  10,33'. 

Nairord  Report  2997. 

O.  A. 3.0.2.  Teoh.  77/52. 

Navord  Ktport  2569. 


HSAT3  OP  FORMATION. 


CCUFOtKD. 

V-\T  UP  P0R1A73 

Bthyl  Hitrata# 

42.0 

Propyl  Nitrate. 

48.0 

Hi trooa thane. 

25.1 

2 - Nitrcoropene. 

38.9 

2:3  Butane  diol  dinitrata. 

72.9 

Biethyxen*  Glyool  Dinitrate. 

107.0 

Nitroglycerin#. 
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NEATS  CP  FORMATION  - (uct.-riMiau'i . 


rf'vfPonKDa 

Nitric  Acid. 

Nitrobaniene, 

Stfayl  Alcohol. 

Metnyi  Nitrate, 

Ethylene  Glycol  Dinitrate. 

TwA 

00»* 

•*  a i . . \ 

**?-  . 

F-0  (lii-Mid), 
tiyiresj  ii<»  .,.xq  < iui. 
Uyii-asine  Nitrate. 

Mercury  fulminate, 
TrinitrotriaaiaoUun.-sene. 
Pot***ium  Pi  orate. 

Lead  rvphnatc. 

a.D.x. 

p 5 * i| 
r»^*a  *•<« 

"cin-.yl. 

T.N.T. 


HEAT  <F  90« NATION  (-ABf  i. 

-•  - ; 

U.w 

- :>.5 

tft.l 

35.4 
61.0 

tr/  A 

•*VV  ♦ 4. 

94»0« 

25.4! 

A7  PO 

es.io 

- 12.05 
60 

65.4 
2/2 
110.1 
107 

- 16.  4 

126.7 

• 6.0 

10.2 


Those  ralu-i  are  wot.  in  all  oases-  the  beat  once.  Thus,  Garay 
A Smith  (J.C.3.  1954,  769)  quote  a value  or  £ Ilf  m -45.8  k.oala/eol  for 
Dthyl  Nitrate  and  a recent  redetorminatiea  of  AHf  (CH.NOj)  has  brought 
it  back  to  the  old  value  of-27  k.oala/aole.  The  BMin^aourcae  uaod 


(a)  Springall  a~ 

(b)  K.H.M.Pike. 

! c ; Robinson. 


Sus.-.te,  A.R.D.  .‘.-■pert  No.  ftjJhk. 

a.R.B.  Report  No.  2V49. 
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APPENDIX  II. 

MAXIMUM  RATK  OF  BURN  IN  9. 

All  explosives  oan  bum  to  detonation.  The  mscnaaaa*,  in  aost 
cases,  la  tnat  ti«e  oonbuation  gaaea  penetrate  into  the  maaa  cf  the 
explosive.  This  leads  to  a a*«"  rate  of  burning  per  unit  area  which 
is  much  greater  t^an  the  tsne  maaa  rate  of  burning..  Tinker  auch  con- 
dition* pressure  gradients  will  be  f.nrawd  and  eventually  shook  waves. 
Since  the  g a flow  intr  a shock  front  la  always  supersonic,  u«  sUock 
«*4  will  move  into  the  explosive  end  detonation  may  rwault  beoauaa 
rat«»  of  burning  normally  increase  with  pressure.  There  is  another 
possibility,  oovxv'or,  it’  the  true  uses  rate  of  burning  is  high 
enough  u shoo!:  wave  wm  oe  fVirwrl  » mua  a*  coast uat ion  commences. 
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i.a.  uue  cooibustiou  ia  net  possible  since  catenation  intervenes. 

3inu»  til  7 c * ^ flow  into  a ahock  f r Got  nsist  o ■?  * u r c r_i c 

.ntiutively  one  reels  that  an  approximately  necessary  condition  for 
thi.j  type  of  phenoswjiL-n  is  that  the  gas  flow  fr'<m  *bs  burning  surfaoe 
aiiould  od  aonio.  Tha  sonic  velocity,  a,  is  defined  by  s'*  • yii.T/fi 
whvret - t • *p*nlfio  beat  ratio.  , T a temperature  cf  combustion  gasaa, 
and  ii  a n-oleeular  weight  of  combustion  gssgs*  tno  gas  flow  velooity 
fiu«  • ourning  surfaoe  it  t t a/p  • a iff/fM*  where  ^ * dersity  of 
evrbue: ion  s«"»s,  and  P • pressure  of  oornhuatior  esses,  i.e.  initially 
-,?  nun-oiiftling  atmosphere,  >*.  r:r  argment  detonation  and  not  ecm- 
buo? ion  will  occur  if  v ^ a.  c««  ihm  a mt ii^al  value 


cucrton  win  occur  n y 

* * * ’ S'  It.. 

UA  Ur  v Ut'i  AUCU  \JJ 


wa  « «*»  y 

Clone  1 vere  Q a best  of  explosion  and  o a specific  beat  per 

unit  mass,  we  ..  .srit*  < _ 

at  r L»r,«*/«*<J 

With  Q a f»m  oal/gm,  0 N>ut  30,  fa  1,2  and  0 a 0,4  <:al/tf*»  dag.  G, 
the  value  of  at  ? a a ats,  , ia  about  20  fftfoar aeo. 

A cnore  rigorous  analy»i-i  a (Kavord  Report  90  • U6)  leads  to  the 
svprsasion,  . ^ 

. rrlL**<l*l-i)]K 

If  e i»  ■ an»sifi«  haafc  at  oonatant  volume.  the  exact  vxoression  it 
smaller  than  the  "intuitive  expression"  by  • factor*  (2(^e  1 )/t)*SL2 
It  s in  a specific  heat  at  oonatant  pressure,  the  faotor  is 
(4(1' t l)}?  * 2.  Thus,  cne  maximum  rate  ox'  ooiabuetlwn,  when  g«*ee 
fiu  m>t  psrt-*rats  l»<to  the  exnloaiwe  ia,  at  P » l atm.,  about  10  g/emr 
•ecu,  which  ia  far  greater  tnan  the  rate  of  combustion  of  any  materials 
outside  the  initiator  class  (sse  Tabi*.  Ill  cf  text).  It  ia  possible 
that  in  *-be  asides,  part:  -ularly  lead,  thallous  and  silver  aeidea,  tne 
true  rets  cf  burning  is  greater  than  r ■ and  thersf-re  e hot  snot  goes 
over  to  detonation  withou<  an  intermediate  combustion  regime,  Bowden 
and  Wllliauua  (Proc  Roy,  3oc.  1951*  208A.  17^,’  hive  snov.n  that,  rith 
thin  f.-Ona  (about  0,1  mm.  thick)  cf  tha  axidee  msofcicued  abov<  , tharw 
is  no  build  up  to  detonation  but  detonation  covers  iasediately  on 
initiation. 
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Code  Vo. 

at 

uapoaiticn 

. 

NH4, 

cio4 

Ammonium  Pclyiao-  Poly* 
Picrate.  butylene,  styrene. 
Parte  by  weight. 

KatfO; 

Lecithin 

K 202. 

S 260. 

76.5 

15.5  r*~ 

10  12.5 

1 

1 

a 261. 

66.5 

20  12.5 

•• 

1 

nn  eeee 

OU  CC^AJt 

oy 

- - 10 

- 

1 

KJJ  2iJb3. 

- 

55  - 10 

34 

1 

HU  2331. 

36.5 

50  12.5 

- 

1 

SO  ?332. 

26.5 

60  12.5 

* 

1 

AtPEKDIa  I*v. 

PfiflPACATIOM  TEST. 

Most  tests  of  "dstonsbil Lty"  are,  in  reality,  tests  of  propaga- 
tion. in  the  usual  fans  ol’  this  test  the  material  to  be  eseainod  ia 
filled  into  * number  of  uitai'g*  oases  uf  about  equal  lengths  but 
different  diameters,  and  attempts  are  made  to  initiate  these  chargee 
with  primers,  the  sice  of  whioh  increases  with  charge  diameter.  In 
general  the  ability  to  support  a detonation  wave  is  greater  at  the 
larger  diameters  arvi  with  the  metre  m*.=»*ive  confining  tubes.  Tube 
strength  ie  of  secondare  im’jcrtance  since  tee  pressures  involved  in 
a detonation  (about  10-  a taw.)  are  greater  than  the  yield  point  of 
any  material* 

In  practice  a standard  net  of  charge  cases  is  used,  each  oaae 
with  its  own  also  of  primer,  and  the  result  is  quoted  as  the  smallest 
si»e  of  tubing  in  which  the  material  will  propagato  detonation.  Sue?, 
a net  of  tubes  ia  given  below. 


Primer. 

bO  grume  Tetryl, 
40  grama  Tetx/1. 
20  grama  Tetryl. 
10  grams  Tetryl. 
5 grans  Tetryl, 
Datonutcr  only. 


Inside 

Wall 

Diameter. 

Thickness. 

2" 

3 gauge 

If 

8 gauge 

1* 

16  gauge 

fl 

16  gauge 

r 

16  gauge 

V 

16  gsuge 
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Diameters  greater  tnan  2 inches  are  seldom  used  because  of  the 
quantity  of  explosive  involved.  With  diameters  smaller  then  J',  ttoa 
cnarg*  ua  ■>«  is  joinen  o o to  a at'ctisn  ox  larger  wu«a««w  to  muuwm* 

date  tne  detonator. 


ArPSNDH  V. 

(vartiw*rri»  tm  a 

14  U«oi  0 SoUehfrjwflt 

Let  V be  the  volume  of  the  cavity  in  an  taploaiv*  in  which 
combustion  la  occurring,  "ha  mans.  *(i)  of  gas  (combustion  product*} 
in  the  cawity  at  time  t i*;«  *(t)  ■ 7(t).  Pg(t).  1. 

wn^re  Pg(t)  e deceit*  of  gates  in  cavity, ' ir  we  assume  that  the 
gases  u a hare  aa  ideal  gases  (consideration  of  ieparfaet  gases  ia 
given  later),  ■ PS^KT,  eaencaj- 

fh-St+^'ri 

where  P ■ pressure,  ? ■ temperature,  * a mean  molecular  weight 
of  gases  (aasumed  independent  of  P end  T),  B ■ gee  constant. 

At  time  t v/t,  m (t  *(t)  • m (t)  ♦ tf  where  r e 

radius  of  cavity,  2b  * linear  rate  of  burning  of  explosive  (aas/seo), 
* density  of  explosive  (the  oaapreaalbility  oi  tne  expletive  is 

where  cr  « increase  in  radius  is  time/t. 


; ■ it  v?**n*3  vw  ^ 

where cr  « increase  in  radius  is  time  at. 

Substituting  equation  2 *u  equation  3 ami  noting  that  V(t)  * 
(1/3).  r3  we  obtain  t * , v e » r 

Aits  + «5  n I*.  2 JaMt . ft.M  + V«ifk  A 

"rrirpr  '*• 

which  .vegiecting  teams  in  («ft)  , lead*  to.  •* 

-r  It  -n-TF  -ffti  ’• 

2.  Vslue  of  dVdt. 

In  tiae^t,  the  radius  of  the  cavity  increases  by/r  and  the  mans 
ir.  the  cavity  by  k^Bbfo**  ■ We  shall  now  divide  this  process 
into  ino  s cages 1- 

(a)  addition  of  hot  gases  of  aass,^a,  the  radius  ohasging  from 
r to  v ♦ *v«ft . no  work  is  low  at  this  stage, 

(b/  expansion  of  cavity  from  r ♦ Rt/t  to  r + {r  without  addition 
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c f hot  gene*. 

(a)  If  T«  it  the  initial  temperature  of  the  expletive  then  m(t).o. 

(T1  - T0?  v Q,j?r»8bf0{t  v (a(t)  «•  rrr2Rvec*t},a.(T5  - T0),  where 
T*  « teuoaraturs  titer  addition  of  s*\»a4  ra  of  hot  gases,  Q ■ 
heat  of  expiation  at  constant-  volu-ae  at  ?0t  a » scan  tpocifie 
host  it  'instant  volume  (?-*o  t), 

3y  ro arranging  the  ebova  equation  we  cot  aim- 

-f  -t.  . S . 3 • 1SiStEi22Silii  , 

“ *T*  wH  a r y r < 

(b)  Por  ndiabatio  expansion  - ? ■ const,  i * (shore  3T  is  different 
froii  tne  low  tenpaiutm*,  lot  preocurs  value).  Wh^rte*  dP/P  ■ 

- YdV/V  • - Sf 

Purther  P ■ const.  whence  dP/P  Therefore  dT/T  ■ 

.itvg^or  ~«.r  • f 7# 

where  T ' • « temperature  after  expansion  ,of  cavity  from  r ♦ Sv/t) 
to  r +ir.  ?>*  value  ofrfr  it  (R»>  ♦ A)dt,  where  A is  the  linesr 
rate  of  expar."on  under  the  nydroiynamio  forcefji.e.^r  in 
equation  7 is  jJt, 


Prom  aquations  6 and  7 

which  can  be  writ ton  * 

tV"5*]  S. 

since  T'srT.  r 

Rate  of  Increase  of  Pre aoure  in  Civ:  ‘-r. 

Equation  8 can  be  substituted  into  equation  5 to  give 

.+•«  * i !>$£•  $ ♦ - &*lMl 


Now  dr/dt  • S»j  » A,  where  A,  u complex  function  of  P * nd  the  oorklltiana 
oi  confinement/  is  the  rate  of  growth  o the  oavity  inner  the  pres  aura 
in  the  cavity.  Equation  9 can,  therefor  >,  be  written 

■i.ff  . if?  - vriwajl  l0 

**F  & «-L*  *T»  * i * 

U»  I ape rf rot  Cases, 


iRstsrd  of  assisting  that  FV  « nRT,  we  can  take  the  oaxt  approx- 
iaation  or  v(v  * nb)  » nBT,  where  b » * constant,  n • the  number  of 
moles  of  gas  in  volume  7.  It  follows  from  this  that  (L.  mVHJ/tTtb'P) 
If  i he  above  analysis  is  repeated  rdtU  this  value  f or  j»g,  we  obtain:- 

4-g  •^[S-  ^ — -!T>  - *s)  - - 
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where  *4  * bP/RT,  which  la  amilar  to  aquatic*.  9, 

5.  3f t~q t c*  Humber  ani  Sits  cf  Cavities  on  Confitwsfrvt  Pavtor 
A in  jgnatlnn  10,  — — — - 

Tirtt  ua  La* gins  that  tna  charge,  during  :;he  build-up  prscass, 
la  axptiviing  at  a rata  of  j£  (o*v**o)  per  unit  volume  of  expioei** 
and  that  the  increaae  la  yoIubs  la  obtained  entirely  by  expansion 
of  :ae  cavities  under  t«e  hyorodynaai n fa rcea,  i.a.  the  compressibil- 
ity of  U.u  ccnda.nati  -hash  in  neglect*'1..  Let  ihera  Ha  n cavities. 
Thlch  :iare  a radius  r at  press'tre  P,  n«r  unit  volume  of  explosivel 
7a  than  hnee:- 

OP  ' 

a ^ ■ a • - 

12. 

where  dr&/dfc  la  defined  by  dr/dt  a a dr^dt  ■ &0  ♦ A as  In  Section 
> of  this  appendix. 
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INITIATION  IN  A COHDEHmO>  PHASlt 
CONTAINING  CAVITIES. 

1,  It  waa  ahowc  in  ref  i that  the  creature  required  to  produce 
initiation  by  the  adiabatlo  compression  of  ga«  in  a cavity  of  Initial 
radi’ia  rt  waa  given  by  the  equation  ^ 

* J"  +ZFK13 

Wti*/*  wt  - 0 ^ ^ t Q*«y  A | 

jT  s nwi  s.mm  denuit y a*  moment  of  initiation, 

Q « heat  of  explosion, 

x * tnenwi  diffasinty  of  gas, 

n a mass  rata  of  burning  at  preaaure  P, 

Pi  « initial  pressure, 

P0  » initiating  pressure, 

R * gas  oonatant, 

i * mean  molecular  weight  of  gases  in  cavity, 
ft*  a molecular  weight  of  explosive  vapour, 
e • specific  heat, 

|!  a vapour  pressure  of  exploaive  in  eeviny, 

1 a specific  heat  ratio, 

T*  « nai:;  temperature  in  cavity  at  moment  of  initiation.  tnrt, 
?o  * initial  temperature. 

Now  if  m ie  a linear  function  of  preaaure,  q is  appro.ciaately  irdspend- 
ont  of  pressure  aince  k?  « *Vo  i a alio  vi^prcuinutcly  infcpstrient  of 
pressure,  for  moat  explosives  p ir  very  small  and  the  term  containing 
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♦hi a oar.  ae  nogioctea,  In  rsf  2,  it  »^a  estimated  tnafe  T’/*\>  **• 
about  3 and  tnererjre  if  P0  -^Io3  atm.  we  can  else  negieot  this  cam. 
Equation  1 «un  therefore  ba  written  , »wi)*v 

•h  • f%aS  .tv"***],  [t*  ‘ " ] 

tn*-  w u ^ 2. 

whence  log  rc  ■ log  D‘  - b log  P0.  Where  D*  s/3qK/iic\PL  ! 
and  1 ■(‘>Y*l]j3t  / 

2.  Equation  2 will  roe  be  aoplied  to  a pressed  charge.  Let  the 
charge  be  aid*  *.«**  of  particles  of  explosive  of  artin  else  d.  If  ♦he 
density  of  the  explosive  is  <f«  and  that  of  the  praeaed  charge  is/, 
the  nusbar  of  crplssivs  particles  per  unit  relate  of  pressed  charge  'Ls 

-•  s & ^ £ :• 

The  fraction  of  free  spaae  is (£"4)/^e  end  if  we  regard  this  as 
distributed  over  n cavities  per  unit  volume  of  diameter  d0#  we  obtain 
"H/f/fc'  •(.{i-flff*  which,  .on, substituting  tha  vnlua  of  n from 
<'ta«iion  3,  lsads  to  dgw 

lo  erf  equation  k is  equal  to  2rfl.  Tne  pressure  required  to  initiate 
a pressed  charge  by  i cavity  initiation  is  thus  given  by 

log  d ♦ $ logf *—*{£*.  • 1n2  D - B log  P 5» 
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Tha  priiM  pcrpo wa  of  taata  of  adnaltlaaaaaa  la  to  aaaaaa  tha 
probability  of  accident.^  axpliaicn  o*ourrlng  la  a*plo«iTa  chargtn  of 
praoiiual  airs.  Inforaatloo  in  noounulatiag  at  I.*t.n  M.  that  In  ttaa 
caaa  of  aona  taata  of  aanaiUtaaaaa  it  ia  tea  ohanoa  of  ji-orth,  not 
of  l.-d  tietion,  tb«t  ia  aeaaaaad.  In  thia  category  are  tha  'Gap' 
taat  and  teat*  of  aauaitlvaaaaa  to  attack  1/  aaaTT  ana  naaucition  and 
*7  velocity  fr amenta,  poaaiblj  axcapttng  abas  they  art  applied 
to  a*"--.ri«ia  of  a high  ordar  of  aanaltitoaaaa  au ah  aa  £.SJ. 

Perhaps  tba  noat  lapartant  part  of  this  lsfanaation  la  tha 
pawned  oorraiataLon  bataaaa  aana*  tivaaaaa  and  an  arhitra.'aly  dailnad 
1 -r  er-.-gy  sdioaaa*  «ia<iw»d  rr-jc  .vor  *u»rt data.  To* 
ssrraiatian,  hoMTtr,  tandJ  tr  a^m  for  "•xartaia  >f  hljih 

aen*iti*ansss,  and  als«  falls  fir  plaatio  props Hants  *nd  oollcl_ti 
procallantr  (pnrdtta), 

Htoant  work  at  S. 1.2.2.  on  tha  aaohaslaa  of  taata  by  projaotHa 
attack  has  r*T„alad  induction  parlous  of  up  to  500  alcuroaa  undo 
UtiNu  Lmr+~t  aui  implosion,  tbua  iwnflnal^  tha  iajw'-t^ane  of  tha 
rfcaaa.  “here  1*  enhance  of  too  -laurrm  aaa  operating  In  tho 
arpioaioa  process  ri-- -g*  it  ia  probable  tha»  their  overall  pattern  la 
thu  zas-jt,  tha  features  oooUlbuU.bg  tn  the  yattare  eniying  in  degree. 
T-.-*  ysr*i '••ilsr  rod*  proralliag  is  a function  of  tbs  letel  of  aan- 
•UUvaoaaa  of  tha  explosive  taatad,  and  this  any  result  la  WaU  uf 
tha  •Gar.*  true  being  auch  laaa  i'«liablt  crltaria  for  *0x7  aaor*  tlva 
axp.loaiv<*r  taw.  ftr.  any.  liqulf'.  seaopraoell.uata. 


If,  id  th  a parUoular  explosive,  It  ia  olear  ahioh  of  tha  thraa 
phases  of  to*  explosive  raaotlon  la  tha  noat  significant,  initiation, 
^rovth  or  proyagulion,  sal  if  trie  ia  nlao  tha  uortroiling  phase 
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will  of  value  etoa  if  relating  tr  a different  par  sees  ter  and 
aliening  wider  acftttsr  tnan  wltn  tho  llqyi>i  prepo Hants* 


Se*ud.u.7et«M  teats  air*  usually  parforssd  in  order  that  the  obanoe 
of  an  explosion  iu  e ohargn  of  practical  use  way  be  eeUaetad,  Zn 
ouih  k practical  charge  ixiifciation  is  ^a^-y.y  important  only  w ben 
ircaopenied  by  the  subsequent  gmwth  of  the  ex  plosion  prvaesa* 

There  is  s gg^gir-e  body  ef  lafirwetion  «•*•  SiSiP.*,  that  it*  e 
saber  of  easts  of  senaitivesess  the  neohesLas  of  the  test  is  r«iats* 
v>  wwwdMii  processes,  and  that  shat  is  bel?*s  e*f«r»d  la  not  the 
probaaiiity  or  uutiatian  but  the  rate  of  growth  wf  Hm  process  sacs 
initiated.  If  this  ie  so,  then  tie  properties  asasored  by  thaae 
test*?  will  not  be  ■‘■he  sene  ea  thoea  asasored  by  other  tests  which  do, 
in  fast,  aeaeure  iaitiaticn  (e.g.,  sons  ispeot  sac bines).  Z t the 

date  are  to  be  into  111  gently  used  it  will  be  necessary  to  decide  both 
what  is  required  and  what  ia  provided  by  the  teata  used, 

rrata  of  tbst  coh^.gfegp 

1.  Cis  Teet. 

It  has  been  observed  fcj  *w*«dal  anther  a - notably  Spring  (l)  • 
that  acne  teata,  particularly  those  using  a high*  in  tensity  shook  to 
.Lu*»l«U  the  explosive,  give  results  which  arc  vary  rwprodsnlhis. 

In  order  to  put  aaneitlvwneae  atudiae  do  s quantitative  basis  it  was 
therefore  decided  at  2.B.D.*.  •—  years  ago  to  use  the  'gap*  test. 

The  precise  forma  used  at  Valinas  ibbey  have  bees  <3 escribed  elsewhere 
%if  «*4  it  ia  •cmoxwii  for  — - uurp omi  of  tide  pager  vw  etata  -east 
there  ere  two  pattarna  ••*  4 -modiste  interest,  described  as  Scales  I 
and  TII,  the  aa^ar  differsnoea  owing  t o)  tost  in  ooalw  i -is  case 
need  to  contain  the  ohirge  under  test  io  lighter  than  that  used  ia 
duals  Hi,  «m1  ;_b)  chat  whsraaa  in  bo  axe  i the  ueiiariuu  of  a 'lire* 
ie  -he  fr-gjaeatetion  of  the  charge  case,  ir.  Scale  HZ  it  is  the 
ruptur*  of  the  text  place  placed  un  thu  top  sf  the  * xerge  under  test, 
iu  owch  case*  nte  result  obtain'  i la  a ragbag,  ktSWh  OS  the  **er<3 
velue1,  which  inerr'^s  with  i aenwu^  aonei ilveutf**, 

2.  ^•-leotiie  Taeca 

Since  in  the  pest  it  has  been  believed  to  be  of  * practical*  (as 
cpuoeed  to  ’ %a  ad soda' ) irportanne,  and  "‘Jos'-se  toe  re».ita  have  ease 
Ki«,cdfid».*.,:s  it  rvlvtlnn  to  the  ‘gap*  teat,  a coned derarle  values  of 
wore  nets  1 *n  done  on  the  'rifle  bullet  attack*  test  ond  ca  tfe  'high* 
iizgisax  attack*  Uet.  In  lL«e~  - the  wrplcsart  *a 
eut/sstsi  *.n  rroie*»tile  atceok  while  roofing  ia  a container,  to* 
su b»esu**.‘  condition  of  whic**.  Is  carjunotian  with  blest  effects, 
la  _xo-i  to  d»  .1;  ‘.^1-  ,u  r..vt  a c:ar j«.  has  wspluded. 
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In  an  analysis  of  ths  rssults  obtained  by  ths  foregoing  tests  (3) 
it  was  aho-uj— 


(a)  That  ssnsitieenesa,  as  asasured 
oy  soils  III  (whioh  deals  with  lass 
sensitive  explosives  than  does 
Soalo  I),  correlate*  linearly  with 
the  product  iQ,  whore  a is  a aass 

4«tv  Of  uuT iii Sg  USdsr  88w»>y«Sif»llii» 

conditions  at  an  arbitrary  pressure, 
50  n^aopsphsree,  (tns  units  of  1 are 
MX»T~  * ) and  (J  is  the  heat  of 
explosion  (<aW  gaseous)  at 
constant  pressure*  Ths  data  are 
sunurlsed  in  Table  i and  graphitalfcr 
represented  in  Fig*  1 * 
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For  any  t*o-eaacunent  syetea  ‘ 1 

(e.g.,  ethyl  nltrate/sti^l  aloohol)  1 j j [ 

the  oorreiatiou  between  sensitive-  * 

nsss  and  ths  ooabustlon  date  is  “ 

excellent,  <1seistions  froa  the 
linear  relation  amounting  usually 
to  erne  unit  (card)  of  senaitivenses* 

As  ssn  be  seen  firm  Figure  1 , the  overall  oorreiatiou  is  very  good; 
if  Uia  oss#  of  2i3  butenediol  dinitrate  is  exoepted  the  rsgrs salon 
coefficient  is  C.'>5,  ^hloh  is  significant  at  ths  0.001  lsvsl  for  tl* 
master  of  aaterlala  lasted*  II  is  of  intereat  that  even  the  2:3- 
Hu ♦ir.fcli-I  h* ••firsts  eystan  shows  the  '-cr~*“Iaxion  between  sensitive* 
nesa  end  AQ  when  ocaiuered  by  itself* 

(b)  That  e linear  relation  •*.-  it#  - , 

between  ths  percentage  eucpl vsiutie  j 

obtained  in  Us  ’rifle  bullet*  „ | : 

test  #jjd  the  ss'mltivcneee  as  ! * • — ' j 

T*ei*’'jed  t*  t*is  *g»p»  tect,  »•  | 

Seals  III  (and  therefore*  ths  i - — - — ■ ■* ■; 

'rirle  bullet * results  correlate  * ■ 

with  *1)  (Fig.  2.).  ? ... — - I 


Per oen tags  explosions  in  ths  Rifle  tsmet 
Ta*t  Vs.  Card  Value  (Cap  Test  Scale  III). 
Fig.  2. 
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(o)  That  ao  simple  correlation  oould 
bo  found  beW*«a  s$  tad  the  card 
value  for  tins  materials  tea ted  on 
So  ale  I (!„«♦,  for  the  More  sensitive 
olaee  of  materials)  (Table  2)  rig.3.) 

While  il.s  bulk  of  Uia.vOTa 
described  deajj  with  liquids,  #X- 
teaal**u  to  ao.Uu«»  1a  '.indor  v*y. 

Tha  Most  outstanding  result  so  far 
-i«  that  tha  plaatia  propellants  and 
cordites,  when  fired  «a  the  fora  o t 
, single  cord,  ore  very  insensitive, 
is  judged  on  toe  baaia  of  U*» 
relation,  (Tabic  3). 

Kbils  it  is  important  that, 
eventually,  tha  anohant  am  for  all. 
taste  of  earsitlreaeas  are  under- 
stood,  eiuk  uiriitl/  aimed  it  tho 
evsluatlr'a  of  aaohanLaa  his,  at 
B.R.D.h,,  bean  raatriotad  to  tha 
fragment*  and  * rifle  bullet*  testa. 

In  via*  of  tne  links  loth  have  with 
AQ,  it  la  probable  that  similar 
meahanisms  sill  V found  for  both 
tha  projectile  and  tho  noala  III 
'gap*  vast.  Tha  details  of  tha 
result*  of  this  investigation  are 
si  follows  (4)»- 
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r u* 

I #^L 


(a)  testa  art  vary  sensitive 

to  th'.  oonstruodon  of  tha  ^ >C4t 

container,  far  ermpls,  a charge 
in  tha  proportian  of  •elded  to 
folded  edges  has  been  found  to 

have  a marked  influence  on  tli*»  results.  Ethyl  nitrate,  f*  -vd  in  a 
bos  ooneU  uctad  as  shown  in  Pigure  b(*1,  geve  of  explosions,  but 
if  tho  bo*  was  made  sa  in  Fig-v(b)  the  perr-ir-ags  of  *rtloeiona  fall 
to  4C,  a significant  decrease  in  the  50-si't  samples  vsed. 

(b)  The  tests  *ra  relatively  inaenoitive  to  the  energy  of  the 
projeotile,  provided  that  this  exceeds  scam  minimus  value.  ttuia  if 
i n a atari  box  jC  uniform  thiclcnsea  a *»i udo»*  of  varying  thi  Clares 
is  fitted  st  the  point  of  entry  or  the  bull*  »,  the  results  ah*«A  in 
Table  4 arj  obtm<  ved.  The  alight  Ircesae  in  lethality  with  thick- 
ness of  entry  windows  from  1/16  tc  i ^aoh  is  not  statistically 
significant  in  the  emepls  ales  (50  shots)  used.  Tha  chirp  decrease 
et'5/16  inch  is  significant  and  would  seam  to  indicate  that  tha 
project! lr  must  Vva  a certain  mnuaum  energy  for  initiation;  but  if 
it  has  U.te  mini  bub  energy,  iha  prorsfcilitv  of  explosion  is  ''otarm«*>. 
aalnly  by  the  earploeive  container.  If  the  thickness  of  the  whole 


r**iar  ae» 


Cjlu  IJential 


t---  m m •»  m 


'5,,-., 


: -r 


iHSES! 


viu*a*Mrta 

1 

frtaaatla 

» 

*2 

M 

«s 

at* 

17* 

40 

m 

75 

n 

70 

X 

cuoiMCftliail 

irtonii 

oiHrm 

a# 

ii 

* 

i« 

at* 

17* 

ao 

2? 

73 

* 

1*1  kltratt 

T2T 

«*/«■?/ 

Ml/l 

Coian* 


\rx  t.5t  sacg  x-  « 

tfTS  s,56  nas  i#»  « 

1030  0,70  »»  31 

109  0*5  ft*  1*3  2ft 

o*»  j s*  o.*  ST  tot  at 

0*0  7*e  0 «*5  J05  «lt  3 


o*a»[ia*  o«it  iota  «ii|3g 

1091  0*1  *3  130  O 

lOUl  0*1,  5*  t*t  31 

*5  0*3  415  13*  87 

•O  0J0  It*  21 

7*  0*1  30#  437 

9ft#  0.1*  1*  IMS 

«S5  0.117  i**  xm 

11* 

a*  e*»  i* 

m 0*M  7* 


A:C  is  a oMasuro  of  ths  thi.nnaaa  of  tha  gap.  Tha  gap  consists  of 
osrda  and  C ia  tha  nuab«r  of  oar  da  in  th«  critical  eiso  of  gap. 

r 4*2  (and  hano*  £)  obtained  fms,  Figure  1. 
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Ifotoat-  (1 } Ib»M  prwpallanta  ir a putty-liba  matariala  mada  by 
coating  a aalt  oxi  iant  »1&  a Ligh  polymer  btrdar. 

(?)  Ths  sir  contact  of  tha  • Fra*  ftraca  air*  Tutorial  ia 
about  12. 


(3)  in,«  rataa  of  burning  *?*  for  1000  p.a.i.,  data  ia 
othar  tablaa  Xu  Uu.o  rsy-art  ara  for  SO  Ita*  Tha 
oorraotion  faotor,  aniah  ia  not  known  airily,  should 
not  ba  leaa  tuan  0,75* 
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'S3  chopped*  consists  of  pxtfssec  charges,  emu*  Cram  chopped  3C 
curd,  (*j  of  diameter  end  length  ■ 0,203  loch  each,  end 
(h)  of  dU. use ter  end  length  ■ 0,045  inch  each. 
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boac  is  wai  _«d,  tad  not  Just  ohe  pdui>  of  ouLry , tiien  there  la  a 
prcfcuzu  affaot  on  tha  lethality,  tu>  1m  shown  in  labia  5» 

Tba  way  in  fdch  the  energy  of  tha  projectile  la  wade  up  (i.e., 
the  relative  importance  of  aoaa  and  velocity)  has  a ocnovdu table  affaot 
on  the  lethality.  Ooxcu  nods  by  welding  i/i6  inou  sheet  eU«l  fin* 
plate*  to  3-iiioh  long  aeotioxa  of  Inch**  O.C.  x 8 gauge  pipe  war* 
r.tV.cV*-!  by  high-velocity  fragmanti  and  rifle  bulla ta,  the  projeotile 
pairing  axially  through  tha  box.  Tha  results  with  etbjl  sltrata  ora 
?ivan  in  Table  6.  and  it  ran  ba  Men  that,  compared  with  tha  1.7  gw, 
fragment,  tha  7 .5  g*.  fragment  i»  not  aura  laihal,  in  orlta  of  lta 
InuraaoOtl  energy,  and  that  tha  rlfla  bullet  ii  (la  this  context)  quite 

umi 

Whan  ualrg  boxaa  with  perspex  wind  car »,  hlgh-wpaod  photography  of 
tha  entry  catiti-a  produced  ahowed  that,  shares a tha  rifle  bullet  wad* 
a •*isia  tunnel  througu  the  liquid,  the  boob  av«wm*nt  u*da  a large 
hend  spherical  cavity,  it  wu  thought  that  the  blart  pre'ieurw  from 
tha  bcoh  used  to  drive  tha  fragment  *u  inflating  tha  oaviiar  through 
the  entry  hole,  file  artificially  increasing  tha  aurfaoe  and  internal 
preeaure,  on  affaot  ohaant  in  the  omoa  sf  tha  bullet.  A rjoeber  of 
ahota  ware  fired  in  which  bomba  without  fragwenta  were  used  to  attack 
filled  boxes  with  a pravioualy  soda  hole.  In  no  oase  did  initiation 
occur,  nor  eaa  any  oawity  f oread.  It  would  seen,  therefore,  that 

the  greater  lethality  of  the  waller  fragment,  ti  colored  with  tha 
bullet,  la  a real  phenomenon  and  not  produced  by  tha  experimental 
conditions. 

(a)  It  1*  pooaibls  to  observe  a deity  between  the  iopaot  of  tha 

so  Ci a zri  the  explosion,  “lr— t hove  bean  used  in  tM» 

worlt:- 

(l)  varying  the  ccna*t motion,  ! | ! j > 

end  thereby  tho  bursting  ti.  * , J ! ; ~X| 

of  the  bent,  ««i  — - — .-Ux — \ 


(11)  high  speed  cinemato- 
graphy, ard 

(iii)  observation  of  the  light 
evolved  from  the  box,  by  etc  ana 
of  a phoUaultipli^r  coupled  to 
a cathode  re:-  "*^i llcgraph. 


X' 


rX: 


Tha  third  method  gives  J 4.  ,1  >%# 

vow-.lt r wore  suited  to  exact  ^ . L 

snaiyoia  than  the  other  two, 
and  by  the  use  of  a maul  or  of 

mixture*  of  differing  AQ  tha  ?%_i 

vw-.'iation  of  the  delay  wit*  this 

poraneter  hes  been  observed. (Table  7 ?ig.5),  end  toe  delay  found  to 
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inversely  proportional  to  &Q. 

* 

Si  ar:  sa:c;< 


In  vis*  sf  the  correlation  eith  &3  for  both  'Ct.p*  tub  -Tojaotiia 
testa,  it  nouIA  appear  reasonable  to  suppose  that  v.  ar<*  dealing  uot 
with  initiation  itself  >ut  with  the  growth  uf  the  p-ooes*  subaaquert 
*'  irAiiabiua,  and  that  this  prooean  is  similar  to  cowbiation. 


kianining  cho  relation  between  the  delay  and  a Q In  the  rifle 


b til  St  tSCt  «««whu  lu  ?4wla  7 ^ria»  P/#  it  Oku  vrv  Ml£  uiai 
rru»  rera:- 


X t 


0 - A - 


wtiu*f  P ■ measured  deity  A end  K are  constants, 

Slue"  it  a nU  of  energy  reloaas  per  unit  area  it  follow#  that 
k/3tf  ia  the  tine  fur  seas  given  quantity  of  energy  to  t>e  procured. 

It  13  not  surprising,  therefore,  that  this  will  correlate  with  the 
observed  delay  fro.*  impact  to  eon*  defined  phenomenon  such  as  the 
•rp«aranoe  of  light.  What  ie  surprising  is  the  length  of  the  delays 
(up  •»  nearly  pGG  adoroseonnds)  whl«h  can  only  re  any  hr  alee  that  the 
rate  of  marry  production  In  the  early  stage*  most  be  low, ae,  by 
uoneequer.c «,  «uuat>  uw  Uue  pre»e*irw«. 

The  actum  I observation  in  a series  c f rifle  bullet  testa  ie  the 
urotabi.'lii.y  of  explosion,  as  date  reined  by  the  proper  tire  of  boxes 
ac  l v ally  tjL,'lt“llng  under  set  condi tiona.  IxuUutios  by  tax?  one  or 

nore  of  what  ainht  be  termed  the  pruury  prooeseaa  (i.e.,  shook 
rrocuccJ  ;y  impact,  viaoouc  heating  of  '-he  llcuid  flwriag  round  tlie 
projectile,  heating  by  ;h-»  ;‘"\’eetila  wfti  v bee  itealf  hduu  k"s‘.«d 
by  its  p«*«ige  through  the  .ront  plat-,  end  'nipping'  sf  the  rrpIo.*lr 
1* two* f.  the  : ro'eotil#  uh  the  bask  plate*  cc^rra  in  the  first  120  - 
150  utircacccjda,  and  where  vhe  delay  ie  longer  than  tius  there  re 
strong  prasi-mptive  evidence  that  the  chance  of  explosion  is  not  U«a 
chance  th*t  one  of  vheae  processes  will  occur,  but  i>.  r* titer  the 
probability  that  a subsequent  proves  i»  allowed  tc  ooniinue  wd\'~  at 
incerrupvon.  ouen  a conclusion  is  stgjported  oy  u«  relative 
inaenaitivrty  of  the  t**ts  to  the  euergy  of  the  projeotile  and  by 
their  eensitivenei*  to  the  nature  of  the  oonatruatica  of  the  box. 

The  high  1*th*lity  of  a email  fist  fragment  appears  an-atlcus  but 
is  oxpiained  later. 

The  most  likely  aequesoe  of  evaute  ie  that  one,  or  sore,  of  the 
* imury ' pr  ceewea  starts  a combustica~lik*  reaction  which  riicsr 
build."  up  to  a*,  explosion  or  is  stopped  by  th«  disperaal  of  the 
ivuiont,  and  it  is  the  variations  in  the  middle  stage  that  produce  thy 
venation  in  the  result*  when  different  axploaivea  are  vested. 

The  way  in  wldch  the  rifle  bullet  teat  depend*  for  its 
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discrimination  on  the  dii  faring  rates 
of  er.c-rgy  release  1 s now  rsaicasiidj 
obvious.  Consider  Figure  6 in  which 
anargy  r.?l?ase,  S,  is  plotted  .-.sainet 
tias,  T«  a given  energy  release 
history  ia  piv-wid  on  this  diagram 
an  a curve  through  tne  origin.  Three 
such  oxirvoo  uorrasponding  to  rates  3-} 

Bo  .cl  B»  «r*<i  -l-r— r~  ITt  ta  m t 

'-  ~ • — J — »- 

aaai.Tv*-1  that  the  shapes  shown  are 
ourreot),  In  most  forma  of  ths  teat 

( C \ • TV.a,44  al  At  >,«a  a*  a a <«w  4 m«4  a m «■*  1 
\*4  f a«a  W4»4ia  Maw  4 w»‘Myaa  M»  m m as.,* 
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an  'Datonadona' . i'm  oalled):  these 


« ami)  +*»  I awal  «•  a t*  *r4> 


&,  (partial)  and  Ko  (Detonation).  ..,  , 

If  To  taka  a box  of  daiinita  design,  ;i*'* 

than  tha  bur  a ting  t :jsa  u mar  ths 

oomii  tiers  of  tha  teat  will  ,ary  ia 

a statistical  maimer  between  limit* 

t\  and  T2.  Mow,  for  an  explosive 

corresponding  to  2-  100  *vr  cant. 

of  detonations  alii  ha  bo*,ar7ed  ainsa  the  a,  energy  release  Una 
.veaofcaa  *2  before  T<  j for  Hj  thara  will  be  a statistical  distribution 
of  •Partteia*  and  ‘t’etonationa' , and  for  Bj  the  prior  advent  of  time 
w 2 will  al’S'syi  ensur*  • failure. 


The  two  ooaetanta  lx  tha  expression  have  a physioal 


Mining.  If  aQ  la  Infinite,  energy  la  relo**ed  at  an  infinite  rata 
and  tea  iatrinaio  delay  muat  be  sere.  We  are,  however,  3 anal daring 

riw  (Ba'i  -A1*  i i3>»ot  to  the  numinrr Li rrri  «>**  liwht  fchan  USiUg  X steel 
box;  Ia  ba  oh»«***i . the  light  moat  get  out  of  the  her,  v~  that 
either  the  nroiecvila  must  go  tuguv  in  or.  alto. «ntlv sly  a * 
must  appear  in  tha  tor  itself.  *1'  rcpra«en ta  this  daisy  a.xi  will 


' r L-j-*iri , ' 1 ■ • ■ '■■  » 1 •••  1 ^aM  *11 

U%  ivU^iuj  u <■** ue  »ai>  m va  — 


It  •&:  cocked  by  taa 


suhstdtuticn  of  an  ill- pf»r spax  6ok  for  tha  »■»»!  steel  one,  using  a 
filling  of  pure  nltrcrlyscriaa;  tha  obaarvad  aalay  waa  rri.owl,  but 
tha  diereraion  ox  u about  tha  regression  line  for  delay  on  i/lq  ia  too 
.*3*  1 ta  to  arourately  searrred  by  tl - axparimti.t. 


w ia  sexsh  more  int»r*atii'»g  than  4,  If  D • 1 U • tire  and  » 
cste  of  energy  rslsass  par  unit  area,  I sur.t  have  tha  dimenaiooa  of 
energy  oar  unit  area  ecu  represent  the  ratio  -f  the  total  energy 
rrni'ilrod  to  aatiafy  the  crite;rioa  of  a fire  (in  this  oaaa  tha  light 
fla«h)  to  tha  arsa  of  reaotian  surfaoa  availsbla.  Now  tha  ro  *aoe 
avAgiaa]*  will  be  due  iaigely  tn  t In  material  shattering  u^der  otreaa, 
so!  tWa  i«a  verj  ooegtlex  p • amanoa  depend.eg  (in  tha  oaaa  or  a 
liquid)  on  viscosity  and  v*"nail«  strength,  it  is  interesting  to 
note  that  ell  the  liquid*  used  -o  orwplla  Table  ? have  aisdJar 
▼iscoritlea  (tbair  tensile  atrengtha  are  uhj»m)  and  it  ia  probable 
tue.t.  if  * uajor  charge  in  visn.aity  had  been  sane  the  corrale Liwu 
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’bull  creek  down.  It  is  ; ai’oia  thr.t  the  increased  lothality  end 

th«  largo  car L ty  prcuucod  the  ssn-i  fast  fragment  as  opposed  to 

thn  bullet  is  due  tc  the  lack  o f aercdynacio  form  uni  io  the  tvrbling 
Tuition  cf  tha  farr.sr,  prsdu:  ir.a  a !=?•-*-  -•?  u^j.* 


lar gar 


Hopkii  ^a  Pressure  Bar  Ueasuremanti 
on  dap  Is sv  ciara  oinsks.  (?ig.  7). 


JLl  attempt  was  aa 3*  to  chei-ir.  this  by  using  ‘dua-dv**  •’•’list*  (i.et> 
«lth  t’nw  oki»e  ir'incited);  the  oavtty  was  altered  in  shape  and  the 
dele?  reduced,  bu " not  aigidiicaEtly  sc  in  a statistical  sense . 

In  tns  case  of  Lhs  !jr»* r I\ 

Teat,  the  most  important 

evidence  for  the  «v4  g tenge  t\ 

of  a alow  combustion  stage  ****'  • ' 

Is  the  carrels lion  betweeu 

ins  card  valued  and  ocas-  * 

busticn  data  asasurea  at  j — v 

a pressure  which  is  «ery  ‘ t 

low  ( 50  Ata.)  compared  with  \ •« 

the  pressures  measured  by  ««.. \--V 

the  Hopkinaon  Pressws  Bar  ; ‘ ^ \ ! 

on  tha  ' (jap*  surface*  (6)  I ■ v/jV-  1 

(Figure  7.)  It  is  mllke^  ' 1 ! . .._  i 

that  tns  pressure  exponents  ....  - 

will  be  so  oonsistent  that 

the  relative  rata*  of  Bopld.*.  -tea  Ifroseurs  Bar  Ueesuraoisnt'i 

burrdnw  for  i-iffei  •».«!  on  (lap  Test.  oara  aiasks.  (?±g.  7). 

wrploaiwws  will  >a  tha  same 

it*  the  10>  to  101*-  eta., 

rhrwr,  1r.  Figure  7,  ae  they  are  at  i>0  ata.,.  Tha  reaction  will  ba 
stopped  in  the  gap  test  cot  so  much  by  dispersal  - as  In  ths 
oro.ieottla  test  - h±i:c*  the  tube  i*  often  reoo/er«u,  but  by  luo  onset 
vi  i <*!  «r-*ction  wavea  frota  ti»a  to,.  of  the  rubs,  and,  ultimately, 
throe.'.1,  tbs  •aep1  itself.  ti-oe  avail  -Me  far  the  Li*i*aV-  ■—*. 

period  pi-oceliy  iiruoao*.  .1  th  ijtsrs&sing  ’gaps'  (beoaUiM  tr  j gap  it 
thicker  the  rarefaction*  -ake  longer  to  enter  tha  srplcsi,#},  but 
’-hi a ia  .cere  tiian  o'fset  by  tns  <!*'■  .waning  ^rsaauie  behl;«l  the  shook 
front. 

Solids  say  be  divided  into  mova  or  less  porous  roll  do  am 
hoaogsi^ma  types  such  as  oordits.  In  the  foraor,  the  area  if 
reaching  surface  ia  largely  detertlceu  by  the  internal  structure 
(i.e.,  by  grist,  cry***!  «n**;  ate.)*  in  tha  latter,  we  have  materials 
which  may  br  considered  aa  liquids  of  enormous  visoosltr  sad  oor> 
eider able  tensile  strength.  These  will  yield  vary  small  reacting 
areas  (i.e.,  high  values  of  X)  and  their  intrinsic!  del sve  will  be 
long,  i.<.,  the  probability  of  explosion  is  low. 

re  is  no  a priori,  reason  why  all  'g*p'  and  'pTOjacttle'  ■.* 
ahoulr  cot  conform  to  this  sohwis,  and  some  explanation  is  necessary 
for  the  'Soale  I'  results.  If  there  data  w i examined  (Table  ?! 

\]—y  i *;.•»  ?.5cn  tc  fall  into  three  jwyj  f marital  t*.  rj  in 
ths  t-J:!*  ).  cf  thee*,  group  it  correlates  with  AQ  in  t-is  sar.s 
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■nannar  u io  the  isateriala  tested  by  'Seal*  III',  i*c«,  there  is  s 
relation  <f  thv  fat»: 

0 * i*  ♦ *'■  ( SQ ) 

Tin-  value*  o t the  constants  s cart  b arc,  however,  different  for  tiis 
iv  is  tho<v;ht  that  group  A hss  f si  lea  to  correlate 
•'•cause  11:  consists  of  materials  wfaioh,  in  ths  wise  o.”  tubing  used 
•—  s rbir^f  css-,  rill  fail  *-0  propsgste  s detonation.  3ine» 
en tenon  of  s 'fir*'  is  that  ths  tubs  is  shattered,  ths  test  is  not 
•<r>nlicat>ie  to  such  sstsrisls  which  are  certain  to  give  anomalous 
results.  Sy  reference  to  Tsble  2 it  will  bs  sson  thst  they  0.3  hew* 
rcl utlr-'j'  Ire  for  P 0 . ths  energy  density,  and  this  indloatie 

z.'  utility  is  rrcpsgtt*  ditrsatlon,  pertieuierly  in  «wv\ll 
iiwC  iora  share  tbs  energy  losses  due  to  ths  lstsrsl  expansion  of 
tor  confining  tube  in  the  region  of  ths  reaction  sons  are  high.  The 
rsiAcn  for  the  failure  in  the  correlation  in  aatsrlals  of  high  IQ 
(i.o.,  those  in  gioup  c;  i»  curs  subtle,  and  in  sans  respects  acre 
important.  It  la  known  thst  for  'gaps'  in  excess  of  50  cards  on 
'Seale  X*  the  pressure  in  the  shook  front  Is  below  1000  atm.  {£) 

(Tig.  ?).  a u3  that  unit."  these  oonditicaa  the  attenuation  is  no 
longer  exponea  uitu.  or  reproducible  (*  peculiarity  of  the  oardbeard 
ays  tan).  This,  however,  1 1 not  the  whole  story  alone,  if  the 
correlation  has  baaa  obojrd,  then  with  at  least  two  of  ths  aat-arlalm 
card  values  of  less  than  50  ahould  have  Men  obtained.  A probable 
reason  the  failure  ie  that  for  astsrlsl  of  high  4q  the  b\ii  14-up 
of  the  reaction  from  initiation  is  oo  rapid  thst  it  is  not  possible 
to  extinguish  it  by  nsohenLcal  dispersal . Ths  ldnit  for  control 
• tk is  wa-,  auat  vary  with  the  system,  and  for  'Seals  I*  appear* 
t have  been  reaahed  at  nQ  ■ 850  oals./sao.ow r. 


It  i j concluded  vast  there  ie  a oonaon  aa  abend ea  foe-  nil 
^rn 5 unions  in  tee  teats  deaoribed  visi-  (i)  initiation  . f a 

(ii)  increase  in  ret#  of  burning  end  extent  of  ooabustlca 
xurfeca,  (ill)  a charge  to  detonation  if  the  burning  am.  far*  has  a 
velocity  *rc*e4ing  the  local  speed  of  sound,  thus  g*nsr>.ti,dg  a 
aback  wavs.  It  la  with  ths  probability  ef  the  third  **«p,  detonatic*. 
or,  if  tins  dees  not  occur,  the  virtual  expiation  of  ths  second  by 
the  coneuaptacn  of  all  the  available  material,  that  we  are  concerned 
in  sensitiveness  testing. 


Wi  thin  this  general  pattern  occur  two  nodes  of  operation.  If 
the  ascend  sisge  ie  alow  - beneuss  of  a low  rats  of  hvrsisR.  ■■+* 
energy  or  too  little  surface  evsilsbl*  for  c«ob  nation  « then  it  *131 
become  inrortant  oeoauae,  being  slew,  it  will  provide  a delay  in 
wWoh  it  if  posable  to  "put  out  the  fire."  If,  however,  ths 
second  s4-— p is  fast  titan  every  initiation  becomes  a detonation  and 
we  imtet  measure  the  cuanca  of  iuitiatlon. 
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,'t  has  bean  even  that  our  taw  ;v  ccsacnly  measure  the  rate  of 
growth,  l.e*,  step  (ii),  but  that  in  mm  oaaee  (e.g.p  explosives 
of  high  &Q)  they  sight  measure  chance  of  initiation  because  in  the 
teat  the  eeoond  step  is  fast.  The  question  then  -rJ**e4'X  does 
teat  provide  the  inforuaticn  required  for  all  explosives  for  - which 
ao:hanioal  ccnsideratlons  (such  as  the  failure  of  large  oardboaad 
gape)  do  not  preclude  it  "_se?  To  answer  this  question,  wa  uuat 
know  the  operating  mechanism  in  the  explosion  of  tha  practical 
charges  which  are  our  primary  concern.  The  Investigation  of  this 
while  rot  more  difficult,  ia  sa>  jh  more  expenaive  than  the 
correspond*  ug  work  with  email  charge  a,  and  say  be  prontbiiiv«iy  bo. 
W«  have,  however,  scoe  informations  It  la  oertaia  that  if  delays 
ere  sot  iwjvwtwt  in  a email  charge,  they  are  even  lees  ao  in  a 
large  one.  No-one  douov*  that  if  nitroglycerine  fan  tarfermee  oaae) 
la  initiated  there  is  no  way  of  stopping  it}  the  difficulty  id  that 
even  with  lees  iwnaltive  explosives,  if  they  ere  ia  the  fern  of  a 
large  charge,  cv-ry  initiation  may  become  a detonation  simply 
because  the  transit  time  of  the  ahook  wave  and  the  returning  rare- 
faction is  ao  graat  that,  without  tha  aid  of  ocnflaasaant,  there  Is 
eaple  time  far  •growth*  stage. 

We  have  little  information  to  enable  ns  ♦*>  deold*  st  what  else 
a particular  explosive  will  pass  Into  this  olase,  but  if  the 
isportanoe  of  such  teste  ae  the  ‘gap*  teet  ie  to  be  seeeeeed  it  will 
have  to  be  obtained. 
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Introduction 

Although  the  virtue*  of  lead  azide  as  an  Initia- 
ting explosive  have  lung  been  known,  its  uee  hat*  been 
somewhat  limited  by  the  hazards  involved  in  uncontrolled 
crystallization.  Accidental  explosions  which  occurred  in 
early  maim  Picture  were  variously  er.pl?  ln«d  in  terms  of 
large  crystals,  twin  cxyetale  and  formation  ox  the  bet;:, 
polymorph,  Many  materials  have  been  used  for  the  purjj.:3e 
of  directing  the  formation  of  the  stable  alpha  form  during 
the  precipitation.  The  best  i_iown  cryst  1 controlling 
material,  which  is  also  the  most  used  in  the  Uhited  States 
is  dextrin  O ) . Typical  dextrlnated  lead  azide  c'-.itains 
between  92  and  95#  1 ead  azide. 

The  British  have  uxed  a m?‘  erial  termed 
''Service"  lead  azide  {>}»  characterised  by  a minimum  lead 
fizide  content  of  approximately  97# • The  crystal  control 
of  this  material  ia  achieved  without  the  use  of  an  oi’ganic 
protective  cclloid.  Due  to  its  higher  purity,  "Service" 
lead  azide  will  usually  out -perform  dextrlnated  lead  azide, 
but  its  handling  and  storage  characteristics  are  less 
desirable. 

During  World  War  II,  in  the  loading  of  detona- 
tors containing  Service  Lead  Azide,  some  United  States 
installations  experienced  prohibitively  hisn  rates  or 
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inadvertent  explo3iono  during  the  pressing  operations. 

■Rvia  led  to  attempts  in  the  chemical  laboratories  to  modi- 
fy the  lead  azide  in  order  i.o  reduce  the  handling  hazards, 
while  maintaining  the  desirable  characteristics  of  sez’vice 
Lead  Azide, 

One  of  the  resulting  lead  azides  which  seemed  to 
have  improved  sensitivity  characteristics  was  & sample  pre- 
cipitated in  the  presence  of  polyvinyl  alcohol  (3),  herein 
.of ter  referred  to  as  ?VA  lead  azide,  and  having  a lead 
azide  content  somewhat  reduced  from  that  of  Service  Lead 
Aside.  This  material,  however,  was  not  approved  for 
production  prior  to  the  end  of  World  War  II.  in  1949,  the 
Naval  Ordnance  Laboratory  began  an  investigation  of  the 
properties  of  this  lead  azide,  which  led  to  the  discovery 
of  some  interesting  characteristics.  These  characteristics 
include  low  hygruaeopicity , an  ability  to  accelerate  to 
maximum  rate  of  detonation  in  a shorter  period  of  time 
(and  column  height),  and  a slight  increase  in  the  terminal 
rate  for  the  s ve  loading  pressures. 
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Dextrinated  Lead  Azide 
(75X) 


Experimental 


Polyvinyl  Alcohol  Lead 
Azide  (75X) 


FIGURE  I 


During  the  development' of  the  T190E4  (M50£)  Fuze 
for  use  in  20  mm.  ammunition,  it  became  evident  thut  a det- 
onator HTOi'itu'  than  the  standard  M29  detonator  (which  was 
the  smallest  available  at  that  time)  would  be  needed  in 
order  that  the  safety  requirements  could  be  realized.  The 
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■space  available  for  the  detonator,  latnr  to  be  designated 
the  T32,  was  approximately  ,145"  in  dlcmeter  and  .290"  long. 
It  was  required  that  this  detonator  be  capable  of  initiat- 
ing high  oruer  detonation  in  an  RDX  booster  charge  across 
a minimum  air  gap  of  .050" . 

At  the  outset  of  the  development  of  the  'i'52 
detonator,  the  PA-100  and  Standard  Primer  Mixtures,  dex- 
trinatecJ  lead  azide , tetryl , PETN  and  i'j>x  were  the  only 
explosives  standard  fo”  use  in  detonators.  It  soon  became 
evident  that,  using  these  materials,  the  optimum  explosive 
train  was  one  made  up  of  PA-100  Primer  Mixture,  dextriiiated 
lead  azide  and  hdx.  * A shellac  coated  gilding  metal  cup, 
hand  leaded  with  these  explosive*  produced  a detonator  that 
met  the  requirements  set  forth  and  functioned  satisfacto- 
rily in  fuzes.  However,  since  the  critical  weight  toler- 
ances required  on  the  charges  of  explosive  of  this  detona- 
tor could  not  be  held  In  mass  production,  the  detonator 
failed  to  satisfy  the  need.  In  order  that  such  a small 
detonator  could  De  mass  produced,  it  was  necessary  to  look 
for  more  efficient  expr<sive  materials. 

Information  on  the  availability  of  new  explosives 
and  explosive  mixtures  suggested  two  paths  of  solution  to 
the  problem.  One  involved  the  use  of  a more  efficient 
primer  mixture ; the  other  the  use  of  a more  efficient  lead 
azide.  This  problem  waa  finally  resolved  after  exhaustive 
investigation  and  subsequent  adoption  of  the  NOL  No.  130 
Primer  Mixture,  it  was  found  that  as  little  as  5 mg*  cf 
this  primer  (compared  with  25  mg.  of  PA-100  Primer  Mixture) 
1"  ’'cquired  to  initiate  dexfcrinatod  lead  azide  reliably, 
the  quantity  of  primer  mixture  used  in  this  uc  venator  *ah3 
therefore  out  to  approximately  one-half  the  amount  origin- 
ally used.  The  space  made  available  was  used  by  increas- 
ing both  the  dextrin* ted  lead  -lde  charge  and  the  RDX 
charge.  This  detonator,  designated  originally  as  the  T32E1 
Detonator  and  finally  standardized  as  the  M47  Detonator  has 
been  mass  produced  with  little  difficulty. 

During  the  Investigation  of  the  second  possible 
solution  to  this  problem,  several  new  types  of  lead  azide 
were  investigated.  Among  these  waa  the  Polyvinyl  Alcohol 
(FVA)  lead  azide.  Modified  T32  Detonators  loaded  with  this 
lead  azide  in  place  of  the  standard  dextrlnated  lead  azide 
proved  to  be  far  superior  from  a functioning  point  of  'lew. 

Figures  II,  m ana  iv  snow  results  of  732  Detonator 
shellac  eoKted  gliding  metal  cups  loaded  with  30  mg.  of 
PA-100  mixture  and  the  intermediate  and  base  charges  as 
noted,  seen  charge  was  consolidated  at  10,000  p.s.l.  As 
noted,  the  space  avail*? ole  from  the  decrease  in  the  lead 
azide  charge  was  filled  with  base  charge. 
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Si  nilar  teats  were  conducted  in  a modixi-fu  ocSl 
D**'uonator«  In  this  case  the  ohellac  coated  giluiiig  metal 
cup*  were  loaded  with  13  mg.  of  NOL  No.  130  Primer  Mixture, 
lead  azide  and  RDX  aa  noted.  Each  ciiax’ga  was  consolidated 
at  15,000  p.s.i. 
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Figure  IV 


Aa  can  be  seen  from  the  data  presented  In  Figures 
II,  III  and  IV;  PVA  lead  a^ide  is  twice  as  efficient  as  an 
intermediate  charge  for  use  ir.  small  detonators  as  the 
standard  dextrinated  lead  azide. 

Under  Project  "Jackstraw*1  one  of  the  approaches 
to  the  problem  called  for  the  design  of  a very  Si^all  stab 
type  primer-detonator  having  great  aeuiltivity . Tula 
detonator  was  to  occupy  a space  having  a diameter  of  .1*15" 
and  an  overall  height  of  1.40".  Moreover,  there  was  a 
section  at  the  base  of  the  cylinder  which  had  a diameter 
necked  in  to  .090".  'This  detonator  was  required  to  initi- 
ate high  order  detonation  of  en  FJ)X-ltystrene  (98-8)  lead 
acx’osa  **.  .''35"  a^.r  gap.  because  earlier  fuse  design  work 
on  this  task  had  been  carried  out  with  the  M26  primer 
which  appeared  to  have  almost  the  desired  sensitivity,  the 
■**irat  efforts  were  toward  increasing  the  initiating  abil- 
ity of  the  M26.  It  was  very  quickly  found  that  neither 
the  sensitivity  nor  the  required  initiating  ability  could 
be  achieved. 


°6 


Confidential 


Confidential 


Blake,  £jeeg*»r  ap.'i  Stresau 


Iho  successful  approach  was  made  aa  follows: 

Using  the  cup  described  above  and  holding  the  initiator 
constant  at  a value  considered  to  be  well  above  minimum, 
the  ta3e  charge  was  progrer siveiy  reduced  to  determine  the 
minimum  quantity  which  would  give  the  initiating  power  re- 
quired » 


In  order  to  eliminate  the  variables  associated 
with  sensitivity  and  firing  pin  shape,  the  lead  azide 
charge  was  subjected  to  the  spit  of  a section  of  safety 
burning  fuse.  Because  with  the  small  quantities  of  explo- 
sive the  degree  of  confinement  provided  by  the  test  fixture 
was  considered  to  be  extremely  critical,  it  was  decided 
that  measurements  such  as  plate  indentation  should  be 
avoided  and  the  test  shots  would  be  in  fuze  rotors  which 
in  turn  would  fire  me  normal  lead  and  the  ability  of  this 
lead  to  propagate  to  a booster  would  be  determined  by  hav- 
ing the  lead  shoot  a small  sample  of  Compositlon-C  con- 
tained in  a wood  block.  Figure  V,  Drawing  A-2  shows  this 
test  fixture.  IMs  proved  to  be  a very  xioisy  test  and  the 
wood  bl  ocks  were , of  course , completely  demolished  when  a 
high  order  detonation  was  achieved.  On  the  other  hand,  it 
eliminated  any  possibility  of  misinterpretation  of  results 
because  the  Compoaition-C,  in  those  cases  where  the  detona- 
tor was  sub-marginal  was  merely  scattered  around  and  the 
wood  block  was  not  destroyed.  At  this  rime  three  base 
charge  materials  were  under  consideration,  tetryl,  PE1N  and 
RDX,  in  the  belief  that  small  differences  In  tneir  sensi- 
tivity t.n  ■in^tiat.irm  output.  be  significant  in 

achieving  a workable  aye  tea/  — - 

Having  determined  the  mix • oum  quantity  of  base 
charge,  this  was  held  constant  and  the  minimum  Initiating 
charges,  both  of  dextrine ted  and  PVA  lead  azide  were 
determined.  In  this  cac«  it  was  found  that  less  than  30  »g. 
of  PVA  lead  azide  would  initiate  the  base  charge  high  order 
whereas  55+  mg*  of  dextrinatad  azide  were  required.  These 
data  were  plotted  as  % fires  vs . base  charge . 
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Next  the  mlnlmuia  queuit.«.ty  of  priming  necessary  to 
initiate  the  lead  ez'de  satisfactorily  was  determined  hold- 
ing the  azide  and  base  charge  constant,  «t  a value  above 
the  minimum  previously  determined.  It  was  found  that  aa 
little  as  5 mg.  of  NOL  No.  130  would  give  reliable  initia- 
tion of  the  system.  This  determination  was  made  using  the 
assembly  shown  m Figure  VI,  Drawing  A-3  which  re -intro- 
duced the  problem  of  input  energy  now  tftat  initiator  and 
base  charge  had  been  removed  from  the  area  of  suspicion. 

Ihe  IOC#  firing  valuaa  for  charge  weight  were 
then  calculated  in  terms  of  inches  or  column  height  in  the 
detonator,  and  were  plotted  in  ceims  of  base  charge  vs. 
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Figure  V Drawing  A-i* 
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Teat  Assembly 

(For  complete  primer  - detonator) 


Figure  VI 


Drawirc  A-3 
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100£  FUNCTIONING  CURVES 

Base  Charge  Column  Height  vu.  PVA  Azide  Column  Height 


VARIATION  OF  INITIATOR  VS.  RASE  CHARGES  FOR 
ICO*  FUNCTIONING  WHEN  TESTED  AS  IN  SKETCH  A~2 

THE  FOUR  POINTS  WERE  ESTABLISHED  IN  TEST 
ASSEMBLY  A-3  WITH  COMPLETE  DETONATORS 


Figure  VTI  Drawing  A-l 


1 »v> 


Oonfj  denci  al 


— jcri-fr*?* -rr-*— i» .-_  — ..  ...-. — . ^.  ..... „ 


Confidential 


Blake,  Seeger  and  Stresau 


initiator  in  inches.  This  g-.-e  the  curves  shown  in  Figure 
VTI . Drawing  A-l . 

Al ' ni  the  uu u e 1 1 1*  1 al  xy  useful  values  for  column 
height  of  initiator  and  base  charge  fall  above  the  curves . 
The  srea  below  the  curves  gives  unreliaole  functioning.  A 
study  of  the  tolerances  experienced  in  production  loading 
then  permitted  the  selection  oi  a point  above  the  curves 
and  yet  within  the  total  jengtn  *.u  the  detonator  which 
would  pemit  the  nonral  variables  In  production  (i.e., 
charging  of  lead  aside  and  the  base  charge)  withevt  getting 
outside  that  useful  area. 

The  final  loading  recommended  for  production  was: 
Base  Charge,  Tetryl  .010  grams,  tVA  Lead  Aside  .040  grams, 
and  NOL  No . 130  Priming  .015  grams  , permitting  considerable 
safety  margin,  percentage -wise,  on  each  charge.,  whereas  the 
volume  available  did  not  permit  an  acceptable  design  using 
dextrinated  lead  aside . 

AlthG”$h  not  discussed  above,,  it  is  Interesting 
to  note  that  a condition  of  dead  pressing  of  tefcryi  was 
experienced  in  several  of  the  experimental  detonators  in 
which  the  lead  aside  charge  wa3  marginal,  such  that  a de- 
crease in  loading  pressure  from  ?5,DCO  p.s.l.  to  15,000 
p.s.i.  caused  an  otherwise  identical  design  to  change  from 
IOO36  failures  to  100#  nigh  order  detonations. 

A number  of  fuse  designs  have  been  built  around 
an  electric  detonator  of  about  the  size  and  input  charact- 
eristics cf  the  Mk  124  Frir-ir.  As  its  name  implies,  this 
item  was  not  original1  ; designed  so  a detonator,  T-Towever., 
it  has  been  found  to  function  satisfactorily  as  a detona- 
tor under  certain  circumstances.  These  circumstances  are 
not  prevalent  in  all  c_  the  proposed  designs,  30  tn&t  the 
prnhiftm  arose  of  producing  a detonator  of  the  3amc  dimen- 
sions but  with  greater  effective  output.  P id  expedient 
which  was  suggested  by  3.  Kclodny  of  the  Diamond  Ordr.nr.ri- 
Fuze  Laboratories  was  that  of  inserting  c*  steel  washer  at 
the  beginning  of  the  explosive  column  tc  increase  the  con- 
finement and  promote  the  growth  of  detonation.  Another 
was  tha  substicution  of  FVA  for  dextrinated  lead  azide. 

Special  detonators  were  fabricated  from  Mk  124 
Prlrr.er  parts.  The  detonators  were  divided  lnt^  two  groups, 
a rcnlinra  group  and  an  uncu wf  .nied  (jA'vjup  • Sach  sroup  had 
two  series,  one  wr.fch  dextrxnated  lead  azide  and  the  other 
with  polyvinyl  alcohol  leau  azido,  as  intermediate  and 
flush  charges,  Figures  VIII  and  IX.  All  four  aeries  had 
oa?“  charges  of  PUTM.  Member*?  of  m? h series  were  loaded 
with  various  amounts  of  lead  azide  ana  tt tn  and  trie  output 
01  each  item,  was  obtained  using  the  dent  test.  (4 ) 
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The  results  are  plotted  in  Figure  X,  next  page. 

It  will  be  noted  that  one  dextrine. ted  lead  aside,  uncon- 
fined, gave  no  meusureable  output  wnen  only  five  .in  in- 
grains wav'*  nsw.i  and  that  oho  saxir.ua*.  for  this  series  Maa 
that  with  forty  milligrams  of  lead  azide.  f0he  effort  ->f 
the  confining  disc  upon  she  shorter  columns  of  dexfrinated 
load  azide  is  quite  dramatic.  In  contract,  the  PVA  lead 
a2ide  detonators  without  the  confinement  were  u.ore  effect- 
ive than  those  with  It.  In  this  case  apparently,  the 
principal  effect  of  rne  steel  waaner  was  that  of  displacing 
some  cAyiua-i.ve. 

Other  Properties 


Hie  two  outstanding  features  of  FVA  lead  azid« 
ar«  (a)  the*  ability  of  small  charges  to  initiate  RDX  very 
efficiently  and  (b ) its  pressure  density  relationship  is 
such  that  a quantity  (by  weight)  of  PVA  lead  azide  can  be 
pressed  into  a smaller  volume  than  the  same  quantity  of 
dextrinated  load  azide  consolidated  at  the  same  pressure. 
In  very  small  detonators,  this  latter  feature  is  almost  as 
Important  as  the  former.  The  following  table  shows  the 
pressure  density  relationship  of  ciextri  naten  and  Pva  lead 
azide. 


Treasure-Density  delatlonohip  of 
Dexti\iu«*led  and  FVA  Lead  Azides 


Pressure  of  Consolidation 
(p.s  .i  . ) 


Dens i uy  gm./cc 
D3xtr\r.aTrtcT 

A *r  1 flc. 


TT*. / #* 

* .*  A 


Lead  Azide 


3,0C0 

6,  ore 
9,000 


11,000 
15  .000 
20,000 
25,000 
30,000 


2.62 

2.38 

3.27 

3.o8 

3.14 

3.07 

3.30 

3*34 


3-31 
3.33 
3 *q: 
3.0. 
3 .«1 
3.t - 


3 .84 
3.94 


Figure  XI 

The  increased  ability  of  PVA  lead  az • >e  as  an 
initiating  explosive  does  not  3how  up  in  th*  quantity  of 
sari  crushed  in  the  so-called  "brisanoe  test",  hondre-4 

mi Vligrams  of  both  types  of  lead  azide  crushed  an  average 
cl  approximately  25  grams  of  sand. 

A third  interesting  feature  of  pva  ie*.d  azide  is 
that  it  is  practically  non -hygrosc epic . Ihe  milstur-e 
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where  it  is  not  feasible  to  use  dextrinated  lead  azide. 

•The  restricted  use  of  PVA  lead  azide  is  attributed  to  the 
presence  of  log  or  lath  shaped  crystals  having  dimensions 
a?  great  as  .4  mm.  Pa  Gaining  to  the  sensitivity  or  load 
azide  as  a function  of  the  crystal  3ize,  Tenny  L.  Davis 
states  that  "The  sensitivity  of  lead  azide  to  shock  and 
friction  increases  rapidly  as  the  size  of  the  particle  in- 
creases. Crystals  1 mm.  in  length  are  liable  to  explode 
spontaneously  because  of  internal  stresses  within  them. "(3) 
The  Ordnance  Corps  to  the  present  time  has  specified  that 
the  lead  azide  to  be  used  will  contain  no  needle-like 
crystals  exceeding  .1  mm.  in  .length.  Considerable  amount 
of  wo^k  has  been  conducted  to  determine  if  the  larger  crys- 
tals found  in  the  PVi  load  ??i.du  render  this  material  un- 
duly hazardous.  To  date  no  significant  difference  between 
impact  sensitivity  of  the  standard  lead  azide  and  PVA  lead 
azide  has  been  found, except  where  abrasive  is  present. 

Several  references,  one  m a recent  iesue  of 
Nature  (6),  however,  state  that  the  idea  that  large  crys- 
tals of  lead  azide  arc  always  excessively  sensitive  to 
shock  or  friction  has  been  widely  received,  but  seems  to 
have  little  foundation. 

Regarding  the  possible  presence  of  the  unstable 
beta  form  crystals  in  PVA  lead  azide.  X-ray  diffraction 
patterns  of  both  the  dextrinated  and  PVA  lead  azide  were 
ootained.  Examination  of  these  patterns  indicated  that 
they  were  identical. 

Figure  XIII  following  presents  data  showing  typi- 
cal impact,  stat  and  hot  wire  sensitivities  for  PVA  lead 
azide  and  dextrinated  lead  a-lde. 


Discussion 


The  growth  of  detonation  in  most  explosives  in- 
volves a period  of  burning,  followed  by  a low  velocity 
detonation  phase,  and  finally  stable  detonation.  The  out- 
standing "priming  efficiency"  of  lead  azide  among  common 
primary  explosives  is  undoubtedly  related  to  the  extreme 
rapidity  with  which  it  undergoes  this  process.  The  burn- 
ing phase  which  is  quite  visible  in  streak  camera  phono- 
graphs of  incipient  uetonation  of  moat  explosives  is  not 
generally  observed  In  lead  azide.  (9) 

Tills  b&'-avior  has  inspired  the  idea  that  the 
mechanism  of  initiation  of  lead  azide  and  explosives  which 
behave  »iu>i  larly  is  different  rrem  that  of  other  explosives. 
Gamer  (loj  has  proposed  a mechanism  involving  a chain 
reaction  and  has  concluded  t.'vat  the  decuwpuelticn  of  two 
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adjacent  mnleculer.  in  a period  of  ten  to  the  minus  13 
seconds  is  sufficient  to  start  a spherical  wave  of  reac- 
tion wnich  may  develop  into  ;»-i  e-plosion.  He  also  con- 
clude ? that  the  probability  of  tnia  event  in  normal  initi- 
ating conditions  is  sufficiently  high  to  account  for  the 


Figure  XXIX  - Sensitivity 
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initiation  of  lead  azide.  Enwi_,«n  «r.ri  fat fe,  t.ll)  have  ex- 
pressed the  opinion  that  lead  azide  may  be  initiated  bj; 
tribochemical  excitation.  The  hot  spot  mechanism  of  initi- 
ation, the  broad  applicability  of  which  has  been  estaoiished 
by  3owden  and  various  co-workera,  ( 9 ),  (11)  and  (12)  may 
also  apply  to  lead  azide.  The  rapid  acceleration  of  the 
action  of  this  material  may  be  the  result  of  its  high  melt- 
ing point  and  mechanical  strength,  both  of  which  are  con- 
ducive to  the  formation  of  hot  spots. 

The  transition  from  a less  vigorous  reaction  uo 
detonation  depends  upon  the  acceleration  of  weaker  reac- 
tions and  the  ooneenuent  d-vei onmant  of  strong  shock  waves . 
In  al3  of  these  incipient  reaction  processes  which  have 
been  proposed  as  peculiar  to  lead  azide  and  similar  explo- 
sives as  weo.1  as  tne  more  common  incipient  burning,  the 
condition  cf  the  surface*,  of  the  grains  and  crystals  is 
important.  A coating  of  a foreign  material  can  serve  as  a 
barrier  to  retard  tho  propagation  of  burning  or  c’.iain  re- 
actions or  as  a cushio..  and  lubricant  to  reduce  crystal- 
line stresses  and  inter-crystalline  friction.  The  effect 
cf  an  impurity  upon  the  propagation  rates  and  acceleration 
of  such  reactions  may  be  much  greater  than  would  be  pre- 
dicted on  the  baa is  of  dilution,  and  may  be  expected  to  de- 
pend strongly  upon  the  nature  of  its  distribution  as  well 
as  its  propertied  and  concentration. 

Eaoh  individual  grain  of  dextrinated  lead  azide  is 
an  agglomerate  of  perhaps  a million  crystallites.  Figure  I, 
while  each  particle  of  FVA  lead  aside  is  an  individual 
viiyoCtU,  usually  several  times  as  long  as  it  is  wide. 

Figure  I.  It  is  inconceivable  that  PVA  Izad  aside  could 
be  consolidated  by  reassure  without  breaking  many  crystals 
and  exposing  a large  number  of  '•lean  surfaces.  Tho  con- 
solidation of  dextrinated  lead  azide  by  redistribution  of 
the  crystallites  within  a dextrin  matrix  would  appear 
possible.  The  existence  of  clean  surfaces  of  expletive 
could  be  very  conducive  to  the  operation  of  some  of  the 
propagation  processes  mentioned  above,  and  might  help  to 
explain  some  of  the  differences  in  performance  between  dex- 
trinated and  PVA  lead  azide  reported  above.  Detonation 
may  be  defined  as  a self  propagating  explosive  reaction  in 
which  the  controlling  mechanism  whereby  energy  is  trans- 
mitted from  the  reacted  to  the  unreacted  explosive  is  that 
of  a hydrodynamic  shock.  The  parameters  of  stable  detona- 
tion, including  is  propagation  velocity,  are  determined 
uy  oHuilifcfiuin  conditions  at  the  end  of  the  reaction  zone, 
in  which  the  losses  of  material  exactly  balance  the  Influx 
due  to  the  propagation  of  the  wave  into  virgin  explosive 
end  the  lo«Re*  of  energy  exactly  balance  the  sum  of  the 
thermal  and  available  chemical  energy  of  the  unreacted 
material  overtaken.  These  conditions  are  affected  by  the 
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reaction  rice  only  to  the  ex. Wat  that  it  affecta  the 
seometry  of  the  reaction  zorr*  and  the  consequent  deviation 
from  one  diironslonai  flow  in  this  region.  The  design  of 
most  explosive  components  is  3ueh  tnat  thlc  deviation  is 
quite  email.  The  accslcratior.  of  detonation  from  a lower 
rate  to  the  stable  rate  requires  an  Increase  in  pressure  in 
the  reaction  zone,  and  depends  upon  the  rate  of  this  in- 
crease. In  turn,  increase  in  pressure  deoehds  upon  the  ex- 
ctsa  of  either  the  material  influx,  the  energy  liberated  by 
th «?  reaction,  or-  both  over  the  losses  from  the  reaction 
2one.  The  growth  of  detonation  may  be  expected  to  be  close- 
ly dependent  u you  the  reaction  rate. 

The  surface  burning  modol  has  been  shown  to  ex- 
plain observable  pnenomena  associated  with  the  detonation 
of  solid  explosives,  f 15  5 Detonation  of  various  explosives, 
includ’  ig  lead  aside  (14),  has  been  observed  wherein  the 
propagation  rate  is  so  low  that  the  temperature  necessary 
for  rapid  reaction  is  attainable  only  by  concentrating  the 
heat  of  compression  at  "hot  spots".  Whether  the  hot  spots 
result  from  int<*rerystallina  friction  or  compressive  heat- 
ing of  interstitial  gases,  the  presence  ofvoldsvis  impor- 
tant in  the  foztnatlon  of  hoc  spots.  As  the  percentage  of 
voids  is  decreased  either  by  filling  them  with  another 
material  or  loading  the  explosive  at  a higher  density,  its 
structure  becomes  more  rigid  and  the  shock  pressure  neces- 
sary to  disrupt  it  becomes  greater.  Failure  of  the  struct- 
ure, of  course,  is  necessary  for  either  intercrystallina 
friction  or  appreciable  compression  of  the  gases.  Ulus, 
the  propagation  and  acceleration  of  weak  detonation  is 
directly  related  tc  the  proportion  of  voids  in  the  material 
through  which  it  is  propagating.  (13) 

Th®  T.3r.id  acceleration  of  detonation  in  lead  azide 
may  be  attributable  to  the  fact  that  under  normal  loading 
conditions,  lending  pleasures  between  ten  and  twenty 
thousand  pounds  per  square  inch,  a charge  usually  contains 
more  than  twenty  percent  voids . In  considering  the  effect 
of  organic  impurities  upon  lead  azide,  the  large  density 
difference  must  be  kept  in  mind.  The  eight  percent  y 
weight  of  impurities  which  i.-*  typical  of  dextrinated  lead 
azi.de  furnished  under  United  States  military  specifications 
(1)  would  amount  to  over  twenty-seven  percent  by  volume, 
if  it  were  ail  dextrin,  and  would  reduce  the  voidless 
denoity  to  3.7  grama  per  cubic  centimeter  as  compared  with 
4.8  for-  pure  lead  azide.  What  might  seem  a o.-jtli  weight 
percentage  of  organic  impurities  may  ue  expected  tc  hare  a 
considerable  effect  upon  the  rate  at  which  stable  defcona* 
cJ.on  io  approached  in  lead  azide. 

Tti*  tern  "void"  is  used  here  in  the  sense  of  the  absence 
nf  liquid  or  solid  material.  The  presence  of  gaccs  is, 
of  course,  necessary  for  one  of  the  mechanisms  propo.-.p-i. 
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Wlicthei-  the  initiation  and  growth  of  stable  deto- 
nation in  lead  azide  is  a process  similar  to  but  faster 
than  that  in  other  explosives  or  a unique  process,  the  time 
and  material  expended  in  the  process  can  be  expected  to  be 
influenced  by  impurities,  particularly  if  the  impurities 
coat  the  particles  of  lead  azide. 

Measurements  of  the  Detonation  Properties  of  • 

PVA  and  Dextrlnated  Lead  Azide 

Itte  velocities  of  both  PVA  lead  azide  and  uextri- 
nated  lead  azide  were  measured  for  columns  0.2  inches  in 
diameter  heavily  confined  in  brasa.  Each  velocity  was 
measured  over  the  second  inch  of  a two  inch  long  column. 

The  results  are  given  in  Figure  XIV. 

Pre s sure -Dens i ty -Ve loc i ty  Re la  tionshlp 
of  Dextrlnated  and  PVA  Lead  Azide* 

Loading  Presure  PVA  Dextri.iated 

p.s.l.  Lead  Azide  Lead  Azide 

Density  bee . Val . Density  bet.  Vcl * 
gra./cc.  m/sec.  gm./cc . m/sec. 


4,000 

16,000 

32,000 

64,000 


406C 

4620 

4030 

5410 

Figure  XIV 


2.60 

2.96 

3.35 

3.57 


3800 

413° 

4400 

4880 


Note  that  for  equivalent  loadi.tg  pressures  the 
detonation  velocity  of  PVA  lead  azide  is  substantially 
higher  than  that  of  dextrtna*:~d  lead  azide,  but  that,  for 
equivalent  densities  the  dextrlnated  material  detonates  at 
a slightly  higher  velocity.  An  increased  detonation  vel- 
ocity for  given  density  with  th«  addition  of  a d.luent  to 
an  explosive  may  be  expected  where  the  decomposition  pro- 
ducts of  the  diluent  have  lower  average  molecular  weights 
than  those  of  the  explosive.  Some  investigators  (15  ) have 
observed  slightly  higher  detonation  velocities  in  Composi- 
tion A than  in  RDX  for  equal  densities . In  the  manufact- 
ure of  detonators,  ths  density  Is  limited  by  the  loading 
pressure  which  can  be  used,  so  that  the  velocity  attain- 
able with  a given  loading  pressure  is  of  more  significance. 
Since  the  shock  pressure  associated  with  a detonation  la 
nearly  proportional  to  the  product  of  the  density  and  the 
square  of  the  detonation  velocity,  the  detonation  pressure 
of  PVA  lead  azide  which  has  been  pressed  at  16,000  p.s.i. 
i^. about  half  again  as  large  as  that  of  dextrlnated  lead 

♦Differences  in  values  in  Fig.  XI  and  XIV  are  m line  with 
variations  in  unpressed  density  and  loading*  components. 
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azide  loaded  at  the  same  pre'-sure.  This  difference  is 
substantial,  tut  not  sufficient  to  account  for  all  of  the 
rHfferer.ee  In  performance  which  has  been  observed  between 
V.ud  a&lue  matiufactureo  by  the  two  processes. 

The  possible  Influence  of  impurities  upon  the  rate 
of  growth  of  detonation  in  lead  azide  has  been  discussed. 

M experiment  which  miy  be  considered  to  be  evidence  of  a 
difference  between  the  two  types  of  lead  aside  involves 
the  measurement  of  functioning  times  of  electric  detona- 
tors. Two  group'?  of  detch»tr\T»*  ware  made  which  were  simi- 
lar *:<cent  that  the  flash  charge,  that  charge  in  direct 
contact  with  the  bridge-  wire,  was  dextrinat*d  i *«rt  azide 
in  one  case  aim  FVh  uead  c w .a  O whe  , • These  do tc - 
nators  were  fired  by  the  discharge  of  a 0,2  mfd.  condensor 
charged  to  various  voltages . The  functioning  times  were 
measured  by  mear-s  of  the  vacuum  thermocouple  timer. (16) 

The  results  are  given  in  Figure  XV. 


Pnnctiomr 


Firii 


Volts 

EsT" 


rimes  of  Detorators 

Flash  Charge  Material 
Dextrinated  PVA 

Lead  Azide  Lead  Azide 

(Microseconds)  (Microseconds ) 


40 

4.0  - 

8.0* 

1.45 

- 2.4* 

140 

3. a - 

3.12 

1.45 

- 1-9 

33C 

2 s - 

3 *05 

1.45 

- 1.75 

700 

2.15  - 

2 .68 

1.25 

- 1.75 

1400 

1.50  - 

2.55 

1.23 

- l.h*5 

/•. 

C t 

loo  “ 

2.02 

1.38 

- 1.50 

* Spread  of  four  to  eight  measurements. 

Figure  XV 

It  will  be  noted  that  the  detonators  with  **VA  lead  azide 
functioned  more  rapidly  at  each  voltage  and  that  the  de:: 
trinated  lead  azide  showed  a progressive  decrease  in  func- 
tioning time  with  increasing  .-oltage  while  the  PVA  lead 
azldo  changed  hardly  at  all  except  at  the  lowest  voltage 
used.  Taken  by  itself,  this  data  might  be  taken  to  indi- 
cate that  the  detonators  loaded  with  PVA  lead  azide  were 
much  more  sensitive.  Measurements  of  the  minimum  firing 
energy,  however,  fail  to  bear  this  out.  The  onergy  re- 
quired f'ir  fifty  percent  firing  of  the  detonators  with  the 
dextrinaced  lead  azld?  flash  charges  was  found  to  be  abou: 
1 jOO  ergs  and  that  for  she  PVA  lead  azldo  1400  ergs.  This 
difference  in  energy  requirement  is  not  statistically  sig- 
nificant. Note  that  the  energy  used  in  the  time  experi- 
ments ranged  from  1600  ergs  up.  The  difference  in  the 
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ti.iiea  must  be  attributed  to  the  dJfiarence  in  the  rate  of 
growth  of  detonation  in  the  two  materials.  The  measured 
functioning  times  for  the  PVA  lead  azide  are  quite  clo32 
to  the  time  wh  cn  a detonation  might  be  expected  to  re- 
quire to  traverse  the  distance  between  the  bridge  wire  and 
the  probe  used  to  detect  functioning  of  the  detonators . 

The  difference  in  functioning  time  between  the  i*vA  and 
dextrinated  load  azides  la  obviously  much  more  than  can  be 
accounted  for  on  the  basis  of  the  difference  in  their 
stable  detonation  rates. 

If  this  time  data  are  considered  in  conjunction 
with  the  output  data  of  Figure  X»  it  becomes  quite  appar- 
ent that  an  important  difference  between  PVA  lead  aziue  and 
dextrinated  lead  azide  is  in  the  rapidity  with  which  they 
grow  to  detonation.  The  lack  of  any  improvement  in  the  PVA 
lead  azide  results  can  bo  considered  evidence  that  this 
material  ouilde  up  to  stable  detonation  ao  rapidly  that 
little  is  to  be  gained  by  confinement  of  this  kind. 

Conclusions 

From  the  foregoing,  it  may  be  concluded  that: 
Dextrinated  lead  azide  grows  to  detonation  more  slowly 
than  FVA  lead  azide. 

A significant  quantity  of  explosive  is  expended 
in  this  growth  process.  The  explosive  consumed  in  the 
growtn  of  detonation  is  less  effective  in  initiating  the 
subsequent,  charge  than  that  which  detonates  at  the  stable 
rate.  For  these  reasons,  and  oev,aure  it  can  be  consoli- 
dated at  higher  densities,  PVA  lead  azia-  la  appreciably 
mere  effective  as  .*r.  initiator,  particularly  where  space 
is  at  a premium. 
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j§£|  ABSTRACT 

.-..J  Experimental  velocity-diameter  curves  are  presented  for  00/^0 

£.aj  THT-AM,  A 5/30/2  5 HBI-TNT-il,  75/25  HBX,  various  mixtures  of  AN-Al  ran- 

glng  from  pure  laKniiai  nitrate  to  60  percent  AN,  RDX,  and  95/5  RM- 
Lil  boron.  Yalocity-dars.it/  relations  are  presented  for  all  except  the 

last  two  explosives.  Ware  shape  ts.  diameter  meaeuraawnts  to r the  al- 
fcm  uainited  explosives  are  also  summarised. 


A 
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Results  show  that  the  A1  reacts  too  rapid!/'  for  rate  to  he  a 
real  Halting  factor  in  TOT  end  RDX-A.1  mixtures,  bat  relatively  slowly 
in  the  AN-aI  mixtures,  Ths  familiar  properties  cf  the  high  temperature 
A1  explosives  are  attributed  to  the  thermodynamics  of  11  reactions  in 
which  th«  AIqO^/AIjO^c)  ratio  is  apprecl  able  in  the  dotjnation  ^wave 
and  negligible  as  far  as  ths  maximum  available  *ork  integral  A - j par 
is  concerned.  The  change  of  this  ratio  frost  a high  value  in  the  deto- 
nation wave  to  a low  one  later  za  gives  aluminized  explosives  low 
"brisat.ce"  but  high  blast  potential . Preliminary  results  suggest  e 
similar  effect  for  boron. 

The  AN-Al  mixture#  were  shewn  to  fc  > r.on-ideal  ever  the  entire 
rkugs  of  conditions  studied.  Reaction  rates  in  these  mixtures  deneni 
on  the  particle  aiae  of  both  the  AN  end  the  .1.  They  eee-a  to  be  Con- 
trolled by  mass  tranafe.  which  leads  to  anomalous  D(p^)  curves  shewing 
u max!  aim  at  a relatively  low  density  around  1.0  to  1.2  g/cc. 


INTRODUCTION 

The  studies  summarised  in  this  article  represent  investiga- 
tions desciioed  in  three  technical  r»;jorte  (l,*,3)  on  this  project  in 
addition  fr*  work  not  previous!/  rerxxrted  or.  the  variation  of  velocity 
with  density  in  AN-Al  and  AN-iJNT  and  preliminary  velocity  ve.  diameter 
results  for  95/5  Rnt-hopcn.  Tha  studies  of  alua.ini7.ed  explosives 

114  Confidential 


Confidential 


Cook,  Filler,  K eyes. 
Partridge,  Ursanbach 


lnclUw‘3  ratter  wwapiete  invest  igat.-' ms  with  80/20  TNT-Al,  45/30/25 
RDX-TNT-aI,  and  75/25  HBa  together  with  various  mixtures  of  eawaunium 
nitrate  (an)  and  aluainni  ranging  fro*  zero  to  40  7>orctnt  Al. 

Aluainizea  explosive*  are  characterised  in  general  by  rela 
tive'.~  'ow  "brisance"  but  high  (underwater,  open  air  and  underground } 
bia.  ^'itential.  The  low  relative  "brisance"  of  aluaiuized  explosives 
has  been  attributed  in  the  past  to  incomplete  reaction  of  Al  at  the 
C-J  plane  and  the  high  blast  potential  to  after  burning  of  aluminum. 
Early  shaped  charge  atudies  with  torpex  and  other  aluminized  explosives 
interpreted  in  light  of  the  observed  linear  variation  ot  hole  volumes 
produced  in  unifora  targets  with  detonation  pressure  ir  cnarges  of  con- 
stant geometry  and  oonatant  cones  using  C-H-N-0  explosives  where  dete- 
ction pressures  could  be  computed  unaabi gueu sly , ( A ) indicated  that 
aitinrimiM  acted  effectively  as  a diluent  as  far  as  shaped  charges  are 
concerned.  Hors  careful  studies  of  this  nature  carried  out  in  this 
laboratory  snowed,  however,  that  tte  effective  (or  ’Measured' ) detona- 
tion pressures  in  some  aluminized  explosives  were  even  considerably 
lower  than  one  can  account  for  by  asre  dilution  with  an  inert  additive. 
Moreover,  extensive  velocity-disaster  studies  showed  that  alualmm  re- 
acts very  rapidly  mi  tritonal  and  HBX,  disaster  effects  disappearing 
in  relatively  mull  disasters.  Thsse  results  described  below  brought 
out  that  an  explanation  of  the  behavior  of  aluainu  in  tritonal  and 
HBX  was  to  be  found  not  in  the  kinetics  of  reaction  of  aluminum  but  in 
the  therm  dynamics  of  aluminum  reactions. 

A ter  etui  study  of  the  thermodynamics  of  various  aluminum 
products  was  thsrefo-v  carried  out  and  results  showed  that  the  possible 
detonation  products  of  aluminum  in  C-H-N-C  explosives  vers  Al^O(g), 
A10(g)  and  1X203(0),  (g  - gas,  c - condensed).  Approximate  constants 
wre  .’cciputcd  frost  statistical  aact^aics  from  which  the  distribution 
of  si ! »■■■»»■  in  these  thren  n-oduerts  coui  • oe  computed  apprexi— .Laly  by 
including  those  equilibrium  constants  along  with  others  applicsb!)**  in 
C-H-N-0  explosives  in  the  computation  of  tue  tr.axTAO-hydrodrnmics  of 
aluminized  explosives.  Al^Ci  apparently  docs  not  cxici  xn  the  vapor 
phase.  (Later  computations  showed  that  A10  is  also  unimportant  at 
least  at  low  oxygen  balance.)  The  results  of  the  tfc  rme-hydrorijnanic 
cj. eolation*  Incorporating  these  equilibrium  constants  for  trJV-nai 
and  HBX  were  very  enlightening;  they  showed  that  tha  ratio 
A^^Cc)  was  large  at  low  densities  and  did  not  reach  zero  even  at  the 
maximum  possible  densities.  Moreover,  by  r%f«renc*  to  the  mapirical 
(universal)  a(v)  curve,  it  became  eviden*  that  the  velocity-density 
curves  of  TNT-aI  and  RDX-TNT-Al  mixtures  should  not  be  linear  as  in 
normal  C-H-N-0  explosives  but  should  show  considerable  curvature.  This 
prediction  :~r-  lot.-.r  verified  by  v-xaciv  3 v*.  density  pj  aarreuremenie 
In  these  exrloaives.  The  results  of  these  studies  therefore  appeared 
to  give  a satisfactory  explanation  of  the  characteristic  behavior  of 
tho  aluminized  explosives  HSX  and  tritonal,  presented  later  in  the 
die-ussion. 


It  was  expected  that  the  situation  would  be  somewhat  differ- 
ent in  explosive;*  of  higher  oxygen  balance.  To  study  the  aluminum 
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reactions  in  detonation  at  high  oxyge  balances  therefore  various  AN-A1 
fixtures  were  studied.  Thermo-hyurodynamic  calculations  in  this  case 
showed  that  the  ratio  Al^CgJ/AijjO-jic)  should  be  negligible  up  to  15 
percent  Ai,  owing  to  the  relatively  low  temperature  ox  theee  alatuxee. 
While  *'.t  was  expected  that  A10  would  become  important,  contrary  to  ex- 
pectation the  caieuiAt**d  ratio  AiO(g) /Al^OCg)  prersd  negligible  even  at 
the  highest  oxygen  balances  studied.  However,  this  result  remains  un- 
certain since  the  calculated  equilibrium  constantr  may  not  bo  suffic- 
iently reliable  to  insure  the  accuracy  of  this  conclusion.  While  the 
rate  of  reaction  of  A1  in  tritonal  and  HBX  was  relatively  high,  it  wae 
relatively  slow  in  the  AN-Ai  mixtures.  Incised,  the  properties  of  these 
mixtures  were  found  to  depend  critically  on  the  rates  of  reaction  of 
both  Am  and  Ai.  Sample  thermo-hydrodynamic  calculations  for  the  above 
three  series  of  explosives  are  given  in  Table  I. 


While  Al  has  great  practical  importance,  other  metals  are 
<0  so  of  considerable  interest  in  explosives.  Studies  of  metallized 
explosives  Being  carried  out  at  the  present  time  thus  have  as  their 
objective  the  elucidation  of  the  behavior  of  these  metals  also.  7c 
date  only  preliminary  studiss  of  boron  in  RDX  have  been  carried  out 
and  are  aunmarized  here. 

The  experimental  results  obtained  in  the  above  studies  are 
summarized  in  this  article  together  with  a discussion  of  the  behavior 
of  aluminum  and  boron  in  the  explosive#  studied,  Tn  addition  to  the 
velocity-diameter  (D(d))  and  velocity-density  (D(pi))  studies  carried 
out  in  connection  with  determinations  of  the  reaction  rates  and  thermo- 
hydrodynamics  :f  the  aluminized  explosives,  extensive  measurements 
of  wave  shape  were  also  carried  out.  Those  results  are  also  summarized 
,!r  this  article. 


EXPERIMENTAL 


Sfd)  Curve?  for  Tritons!  and  HBX 

Vslocity-dia'  star  studies  of  cast  and  loose-packs  . 00/20 
TNT-Ai,  cast  75/25  HBX,  and  loose-packed  45/30/25  RDX-TNT-A1  are  pre- 
sented in  Fig.  1.  Velocities  were  measured  in  these  and  other  cases 
described  here  by  pin  oscillograph  (5)  and  rotating  mirror  camera 
methods.  (6)  The  charges  all  had  a length/diameter  (L/d)  ratio  of  six 
or  -more.  They  were  contained  in  thin-avalled  (larger  disasters)  or 
plastic  tubes  (amallest  diameters),  Densities  were  measured  in  sam- 
ples of  the  cast  charges  hy  * Motioning  theta,  They  were  fouud  show 

aa«a  «.  • *4-*  ..J  av.JJ.1  #1...S...aJ  --  - 1 i ..  I 1 . 4 4 — .11 - - V.  . .. 

MW1UW  a-utau.  A auicu  iikwl  <U«V  lUllff  Xi  1UWQU  -11 A «_L  — VaDtO;  Itwdf** 

ever,  t-  twe  perc^t  or  less  Tne  loose-packed  charges  were  vibrated 
for  density  uniformity,  cars  being  taken  to  avoid  segregation  by  ex- 
ce**ive  vibration.  Densities  were  determined  in  all  cases  by  total 
weight/tot.-’  volum*  measurement;..  Velocitiee  were  corrected  to  an 
average  density  in  each  case  by  appropriate  D( p, ) relations. 
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No  systemrtic  aluminum  r-irticle  size  or  diameter  effects  were 

^n<lta  J J - .4  i l-  . . fc  I.  /»v  (ni'M  t « . M /*  A /a*"  »■  .«••  _. ,.  „ B 

*"*“"*  *■**  ~''*«r*  '-:ic  uu/av.  i4*i-.-ii  or  u •>/>.</<'*  nuA-iti*-kl  except  tor  the 
fcraerat  diameters  le-^s  than  5 cm.  In  fact  in  the  KBX  ycries  no  defi- 
nite Hi  .> — niwl  4 ftl  4 xU.M  » «A  » . . > * 

....  ; --v  w-.uj  ait'.M  «oj  o ouae.'^u  even  xn  f.CO  *CW- 

eat  diameters  studied.  These  rosults  show  dearly  that  the  reaction 
rate  of  alumiiiun,  is  not  a limiting  factor  in  the  beha«ior  of  trite  *1 
»r>d  .<BX. 

Of  part:.cul*r  interest  are  the  following  <*o  iparieons: 


■****•*4*  « v 


ou/<cu 

•5r*%  ‘op  **• » *•  a n 

-w/  —w  eiU-A*. 

TNT 

60/20  TN7-Salt 
80/20  Twi'-AJL 
60/40  RDX-TNT 
45/30/25  REI-TNT-Salt 
45/30,  15  RUX-m-Al 
60/40  ROX-TNT1 
45/30/25  RilX-TNT-Salt 
45/30/25  RDX-TNT-A1 


n/ / - , . \ 

WV*V  OVW/ 


t>900 

Seoo 

4525 

.<400 

3840 

7800 

(7430)* 

7200 

(5650)* 

(5400)* 

4600 


*By  liaasu-  inW*x>lelioa  pf  resuite  for  Iiil-sait  end  KDX-salt  mixtures. 

These  results  show  that  eluainum  lowers  the  velocity  of  TNT,  60/40 
RDX-TVr  end  composition  B more  then  salt  which  sets  (if  not  as  a pure 
diluent)  aa  a slightly  heat  absorbing  solid.  Clearly,  therefore,  alu- 
minum rsist  have  a strongly  endothermic  affect  at  the  C-J  plane.  This 

wtre  to  fort*,  in  appreciable  •mounts, 
rtit  if  AljO^C  c)  were  tc  b*taoae  the  sc  .Ik  dus’^num  jarcdi'it . the  'targe 
>*iam«»tei‘  yexuyiijr  vf  in*  T:~-A1  and  Rua-uu-aa  mixtures  vould  have  been 
appreciably  higher  (even  at  the  same  density)  than  the  velocity  in  the 
corresponding  explosives  without  aluminum. 

Th»  effectively  endothermic  reaction  of  JL  in  the  detonsti-n 
vave  may  oe  e<en  also  in  the  folxowir.g  results  sf  detonation  a . !«.*re 
measuraaenta  by  the  shaped  charge  r«a+hod.(8) 


Exploaivo  p ^ p,(atm  x lO"’^)* 

JW  _ 1.59  150 

80/20  TNT-a  1.68 

TNT  0.81  4S 

80/20  TNT-A1  0.94  45 

Coapoaitica  B 1,71  030 

80/20  hex  i,aa  170 

73.2/26.8  ril  1.93  155 

♦Average  deviation  from  mean  5-iO  percent. 

Thu3  the  actual  detonation  procures  of  trir.on.il  .400  HBX  were  1*3.,. 
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than  i«  TNT  and  composition  B eren  though  lla  densitlea.of  the  former 
explosives  9 6 to  8 percent  higher  (?■»  - nHrs:  p^O^/A) , The  den- 
sit/  increase  wua  not  enough  except  in  tfie  low  density  TNT  -Al,  however, 
io  sake  vp  for  the  endothermic  reaction. 

D(pi>  Curve*  fcr  Tritonal  and  HEX, 

Thermo -hydrodynamic  calculations  for  tritonal  and  HBX  using 
a linear  D(p^)  curve  and  the  nev  Al-distrihution  equilibrium  constants 
in  the  inverse  solution  method  (9)  gave  inconsistent  results.  (Tha 
Value*  of  uj  wore  loo  large  and  the  nomputed  d(v)  curve  rew’fted  eon- 
eicsra&lgr  from  tho  'universal*  oue.(iO}>  Theaa  results  suggested, 
therefor*,  that-  the  iHPi)  curve  should  not  be  lineer.  Measurements  of 
the  D(pi ) curves  for  prsssed  80/20  TNT-A1  in  8.5  ora  (L/d  • 6)  chsrgss 
and  for'  45/30/25  REZ-TNT-A1  at  d « 5.2  cm  and  L/d  > 6 wsra  t.ierefcro 
carried  out.  These  diameters  ware  chosen  to  insure  iaeal  detonation. 

The  results  are  shown  in  Pi;  2.  The  a(v)  curves  calculated  using  the 
observed  D(  p. ) curves  were  in  much  better  agreseemt  with  the  ; univer- 
sal* curve  and  the  calculated  pressures  were  also  in  such  better  agree- 
ment with  the  observed  on-e.  There  remained  a discrepancy  in  tha  a(v) 
curve  for  tritonal,  altbotph  tha  calculated  pressures  wore  in  good 
agreement  with  the  observed  ones  in  this  case,  For  URX  the  computed 
a(v)  curve  was  in  excellent  agreement  with  the  'universal*  curve,  but 
the  calculated  pressure  at  high  density  was  still  about  25  percent  too 
high.  However,  this  discrepancy  was  of  the  wiiW  of  —»gu ituis  sssc— 
elated  with  the  limits  of  uncertainty  in  the  equilibrium  constantr 
determining  tho  AljjOC  »)  /AljO^ c)  ratio. 

D(d)  Curve  s for_AN-Aj  HlxtaUM 

hspcrimeutal  D(d)  and  D va.  pcr?«ut  A1  (constant  d)  data  for 
AN-A1  mixtures  varying  in  ccopcsiti-ti  from  100/«?  *‘o  70/30  are  shown  in 
ri*  3 «« * /..  '■’h-  cf  *1  ptrtiels  size  is  else  indicated  by 

some  of  the  roeulte  shown  in  Fis.  5 for  8 to  20  usreent  Al.  Additional 
data  showing  Al  part  ids  size  affects  are  given  in  Tables  II  and  III. 

The  AH-AI  mixiures  vers  au.  non-ideal  at  velocities  far  below  tho  ideal 
vslocltlea  in  all  cases  irrespective  of  the  particle  size  of  either  the 
AN  or  Al.  Ho  attempt  was  made  to  correct  velocities  for  small  density 
fluctuations  owing  to  the  anomalous  D(p^)  relations  noted  in  Fig,  3. 

For  example,  the  velocity  wee  in  general  considerably  lower  on  the  high 
density  side  than  on  the  low  density  side.  Previous’  unpublished  stu- 
dies have  shown  that  this  is  a characteristic  of  fusl  or  combustible 
sensitized  An  explosives  at  D/D*  considerably  less  than  unity. 

j.h  order  to  show  the  anomalous  density  effect  unambiguously, 

D(pi ) acicur'.mente  vere  carried  out  with  the  90/10  AH-A1  mixture  uslrvc 
• str!»1e  un'  <v>m  unscreened  Al  tiitoughout.  These  results  are 

shown  in  Table  IV.  In  the  first  series  using  a fine  AN  product  ( aamplo 
1,  Table  IV),  the  0(pi)  curve  was  found  to  go  through  a maximum  seas- 
wharo  between  a danrlty  of  1.09  end  1.28.  These  ae'»sur€ai-“uts  were  re- 
peated atci".  three  weeks  later  uxing  tha  ease  lot  of  AN.  However, 
clearly  this  sample  had  changed  during  the  three  wan!;  interval,  as 
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r»t*<i.  for  example,  by  the  fa ct  that  it  pcchcd  ts  & Lower  dvneity.  T« 
Utlu  mu  lea  the  aaxiatst  velocity  (3485  m/eec)  wee  observed  et  about 
kx  “ snd  the  rslocity  yes  950  a/'see  lo«*r  et  • 1,25  then  et 
<>1  ■ 1*12.  Pressing  crushes  the  AH  somewhat,  hence  toe  anomalous  D(p.) 
eff&cL  should  be  even  acre  pronounced  then  Indicated  tar  these  two  series 
(AH  samples  1 end  2,  Table  IV)*  T«  show  the  i-wai  lh o„)  effect,  one  s 
nrould  use  constant  particle  else.  To  accomplish  this,  several  shots 
were  marie  m which  the  pressed  charges  were  compered  with  loose-packed 
wnes  m««ie  by  first  passing  the  AH  to  the  density  of  the  corresponding 
presseu  charge,  cru>a>riing  tim  mixture  and  loose  pecking  it  in  charges 
of  the  same  diameter  end  length.  Three  comparisons  of  this  wort  are 
tl.own  in  Table  IV  (AH  samples  3,  4,  end  5).  Note  that  the  low  density 
product  showed  a higher  Vwluwity  than  the  higher  density  one,  end  the 
ulflWcftcs  increased  with  the  density  difference.  These  results  ahow 
that  the  D(p1)  curve  for  90A0  AN-A1  with  fine  AM  end  time  11  exhibits 
a maximum  at  eons  value  of  density  below  p*  - 3 .25*  Another  more  eas- 
ily reproducible  example  of  the  anomalous  t(p 3.)  effect  in  All  axpLowlvos 
in  shown  in  Tail*  IV  for  • 90.A0  AN-DKT  alxfcure  using  liquid  <3iT  end 
fine  AH.  Again  the  d(<h)  curve  is  shown  to  go  through  a maximum  in 
this  care  rear  p±  « 1.18  g/eo. 

The  AM-A1  mixtures  are  complicated  non-ideal  explosives}  be- 
sides the  enonelous  D(pji)  relations,  particle  else  effect  a auy  be  ob- 
served not  only  in  *1  but  also  in  AN.  The  AH  partiole  else  wee  sot 
allowed  to  vary  more  then  the  sssuat  caused  by  crystal  growth  in  the 
AH  end  the  ability  to  reproduce  partiole  else  in  AH  from  one  lot  to 
another.  As  ft  result,  no  definite  particle  else  effects  of  AH  were 
noted.  To  show  that  the  AM  partiole  else  also  influences  velocity  in 
these  mixtures,  therefore,  two  shots  were  made  in  10  at  diameter 
chargee  using  a much  coarser  AN  product  and  the  same  grade  of  aluminum 
as  in  the  comparative  examples.  The  results  (AH  cample  6 In  Table  TV) 
showed  an  average  velocity  about  1000  m/eec  lower  then  for  ine  finer 
grade  AN  chargee  of  the  seme  density  end  A1  partiole  size. 


A preliminary  (partial)  D(d)  curve  for  1c oea-pashed  95/5 
nDX-tcron  ia  compared  with  the  D(d'>  curve  for  RDT  in  Pig.  5.  fi*  KDX 
used  in  both  cases  was  65  to  100  as  The  boson  was  a sample  of 
quality  still  to  be  determined.  These  result*  ere  ee  yet  too  meager 
to  allow  reliable  conclusions  to  be  made,  but  they  indicate  that  the 
reaction  et  the  C-J  plane  for  boron  ee  for  aluminum  umy  alao  be  an  en- 
dothermic one  relative  to  the  products  of  detonation  of  Hu*,  note, 
foA - e*aapl->  that  the  reset  ion  rate  of  ndx  eaeme  to  be  considerably 
rtt-xded  i>i  the  mixture  indicating  e considerable  drop  in  detonation 
tmoerature.  For  diameters  above  1 cm,  RDX  appears  to  detonate  with 
ideal  velocity  (D/D*  ■ 1.0).  Kuwe*er,  the  results  for  the  95/5  RDX-8 
mixture  shewed  D still  to  be  increasing  even  at  d - 7.5  am.  At  d • 1.3 
us  tht  velocity  of  the  mixture  was  about  10  percent  lower  than  for  pur* 
F.L't,  and  at  d » 7.5  cm  it  w»3  about  5 percent  lower.  If  B ware  a pu:e 
diluent,  the  ratio  of  the  D*’  e for  the  two  cxploeivae  would  be  abc.it 
0.975. 
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Wyyg  Fhtne  M-»  r~«"»«r»9  in  AUiwtniBid  Lxclo  ily 

After  oo»**lHArnM#  effort  to  attain  uuantltative  wave  shape 
results  in  oast*  tritonal  and  HBI,  studies  were  discontinued  ovirg  to 
the  very  erratic  results  obtained.  The  cause  of  these  irreprcdnclhle 
results  was  not  only  the  difficulties  inherent  in  caeting  such  mix- 
tures, but  also  a tendency  toward  segregation  of  the  aluminum  causing 
it  to  CAfccentriitc  alcrg  the  charge  axis  enough  to  attenuate  the  wave  at 
this  position  more  than  toward  the  sides.  Apparently  relatively  slight 
segregation  of  this  sort  is  tsuiiicient-  to  flatten  and  even  invert  the 
wave  from  its  normal  value  for  an  homogeneous  charge.  The  effect  oz 
A1  segregation  is  much  more  pronounced  than  density  fluctuations  along 
the  charge  s.ris  which  elen  tends  to  flatten  or  distort  the  wave. 

In  the  loose-packed  and  pressed  charges  of  00/2 0 TNT-A1  and 
45/30/2?  ttliX-TNI-Al,  the  wave  diapes  showed  normal  reproducibility  and 
normal  curvature.  The  waves  ure  spherical  in  snap*  end  Slowed  a con- 
stant or  steady  state  »alue  % at  large  L/d.  Velusa  of  2_/d  obtained 
for  the  loose-packed  mixtures  of  TNT-Al  and  RDX-TNT-A1  with  two  grades 
of  A1  (-325  mesh  and  65  tc  100  mesh)  are  plotted  against  alerter  in 
Pig.  6.  %/d  ts.  Pi  curve*  for  pressed  00/30  T5IT-A1  and  45/30/25 
RDX-TOT-A1  obtained  at  d * 0.5  and  d ■ 5.2  cm,  respectively,  are 
in  w*.  6.  %/d  increased  for  TNT-Al  from  1.45  at  pt  • 1.0  to 
2.5  at  - l.§6  at  which  density  the  %/d  vs*  p?  curve  still  had  a 
fairly  steep  slope.  In  tha  REX-TOT-Al  mixture,  however,  %/d  increased 
fi'om  1.95  at  pi  * 1.10  to  the  limiting  value  of  about  4.0  at  « 1.40* 
This  mixture  showed  no  further  increase  in  %/d  with  density  as  the 
wave  increase  from  pi  ® 1.40  to  1.57,  the  average  limiting  value  of 
R /d  being  3.05. 

Wars  shape  data  obtain-**  for  tha  aN-A1  mixtures  are  given  in 
Table  V.  They  ahow  %/d  to  be  to  the  r-.-iitively  narrow  rarge 

between  0.9  and  1.7  in  the  diameters  studied. 


DISCUSSION  OF  RESULTS 

Temperatures  aid  measures  *.t  tha  C--J  plans  for  low  density 
THT-A1  awd  unx-TNT-Al  mixtures  are  such  that  the  chief  product  of  al- 
uminum la  AljO(g).  This  forms  endothermic  ally  with  reapwet  to  the  pro- 
ducts of  detonation  of  these  explosives  and  as  a result  the  intensity 
cf  the  •ietrration  wave  is  re<Tue*.i  by  alumina.  Owing  to  the  much  more 
vapid  ir.crcoas  of  pressure  than  temperature  with  density,  however,  the 
ratio  AlgOfgj/AljO^c)  decreases  with  density  bnt  remains  appreciable 
even  at  the  aaxlauo  density.  As  a result  the  induenco  of  the  highly 
exothermic  product  . ljG^c)  never  is  suffieJ  errt  in  tritonal  and  HBi*  tc 
overcome  the  endothermic  effect  of  AljQ(g)  at  the  C-J  plane.  The  deto- 
nation velocities  and  detonation  pressures  (and  "brisahee")  of  these 
Urgn  temperature  aluainised  explosives  are  thus  always  lower  than  those 
of  the  corresponding  explosives  without  aluminum  even  at  the  tajd.ir.na 
densities,  despite  a 6 tc  0 percent  higher  density  for  ths  aluaixuited 
explorive. 
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Tbs  ratio  Al2C(g)/AlpO^  falls  U>  zero  at  temperature*  below 
about  3500°K  at  th«  "explosion  sr«,»surea"  p^  of  the  hi gh  density  alu- 
minized explosives  or  below  about  3'500°I  at  very  low  pressures.  This 
effect  uiil,  therefore,  cause  the  temperature  to  be  buffered  at  a value 
between  30C0  and  3500°K  during  adiabatic  expansion.  The  oaelaait.  avail- 
able energy  or  total  blast  potential  is  determined  by  the  integral 

A ■/  ^pdT  - 0,  - q (1) 

* V* 

J 

* '«  the  wtia»  available  work  in  expansion  of  the  products  of 
detonation  fro  a specif  ic  volume  tj  to  tn  Q is  tne  beet  or  explosion 
and  q is  the  best  retained  by  the  products  of  detonation  at  v^.  In 
gonsrsl  detonations  ere  v-ry  •*»?*«■»•«♦.  in  iifcilitinx  Q in  worw  processes 
as  long  as  the  resistance  of  the  burden  ie  adequate.  In  open  air 
dasts  the  resistance  is  low  ouch  that  A/Q 0.15  to  0.2 , but  in  under- 
ground and  underwater  a/Q  ~ O.S  U.  1.0  depending  on  the  explosive.  In 
either  case,  however,  the  buffering  action  of  the  ratio  AljOCgJ/AlqCfy 
(c)  on  temperature  will  tend  to  increase  Q and  A In  aluminized  explo- 
sives approaching  as  far  as  maximum  available  anargy  ia  concerned,  tha 
high  value  corref  pending  to  zero  in  this  ratio.  Only  where  tjl  la  ef- 

m i « « . -S...  s . ..ire . _ _ ..  . . « i i j m __ _* 


high  brlaance  (e.g.,  shaped  charge  phenoakvoa  including  impulsive  load- 
ing of  targets,  cavity  effect,  etc.)  will  the  high  A1-0( g) /AI2O3V  a) 
ratios  applicable  in  the  wave  front  of  detonation  be  import  ant  In 
lowering  intensity,  in  cases  where  v^  is  effectively  much  greater 
than  V3,  this  ratio  should  be  effectively  aero,  the  thermodynamics  of 
the  Alg0(g)/Alg03<c)  ratio  thus  appears  to  give  a oompleta  qualitative 
explanation  of  the  behavior  of  tha  important  high  temperature,  alumi- 
nized explosives.  Quantitative  computation  should  be  possible  for  any 
particular  set  of  conditions. 

The  situation  ie  somewhat  different  in  AN-A1  mixtures.  Xu 
the  first  place  these  mixtures  have  lew  enough  detonation  pressures  end 
sufficient  oxygen  at  Al  < 75  percent  thut  the  AljOvgJ/Al/Wc)  ratio 
is  practically  zero  In  this  range.  At  20  percent  Al,  where  the  explo- 
sive is  approximately  oxygen  baVnced,  this  ratio  is  still  quite  low 
and  Q for  detonation  conditions  is  a maximum  (at  1' >5  kcal/Kg)  since 
the  ratio  AlgOCgVAlgC^ve)  increases  rapidly  cm  Al  ie  further  f'voreaaaa 
owirg  to  the  rapidly  increasing  temperature.  However,  A (In  work  pro- 
cesses where  v^  is  affectively  much  greater  than  V3)  should  continue  to 
increase  with  percent  .Oumimai  in  the  AN-Ai  mixtures,  perhaps  to  as 
high  as  35  to  40  percent  Al.  The  AM-A1  explosives  in  this  composition 
range  should  thus  be  very  powerful  ones  for  underwater,  sir  blast,  and 
underground  use.  However,  while  they  should  develop  s’wtsined  pres- 
sure their  peek  pressures  under  all  circumstances  should  be  very  low, 
particularly  in  small  sizes  where  the  D/D*  ratiw  ie  low. 

finally,  let  ue  oonsider  briefly  the  kinetics  of  the  reac- 
tions of  AH-A1  and  Aii-EHT  mixtures  in  detonation.  In  previous  studies 
of  raa-idcal  explosives,  including  noth  pure  explosives  and  mixtures, 
the  surface  burning  (two-thirds  order)  rate  law  as  scribed  by  gyring, 
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•t  *1.(12)  was  found  to  apply.  The  explosive  mixtures  studied,  however, 
were  of  a type  in  which  the  temperature  generated  by  the  reaction  of  at 
least  one  oif  the  ingredients  alone  without  nixing  would  rais;:  tho  tem- 
perature in  the  products  to  near  or  even  above  the  final  equilibrium 
temperature  after  thermodynamic  equilibrium  of  the  products.  In  AK-A1 
mixtures,  however,  the  temperature  attained  by  reaction  of  AN  alone 
cannot  exceed  about  1700°K,  whereas  that  for  the  complete  mixture  rises 
mica  higher.  Hsnce  mas3  transfer  and  possibly  heat  transfer  are  such 
more  Iraoortant  factcre  in  these  mixtures  than  in  a mixture  such  as 
riiT-Al . The  latter  temperature  in  the  gaseous  phase  will  always  be  in 
the  neighborhood  of  the  final  temperature,  but  t.hie  i s by  no  means  true 
in  the  mixture.  Tvo  other  possible  limiting  factors  besides  hc*t  trans- 
fer in  the  condensed  chases  thus  arise.  The  limiting  factor  deter- 
mining n«t.n  ' r the  Afb'Ai  mixture 3 might  be  either  (1)  mass  transfer 
in  the  gae  phase  or  (2)  heat  transfer  in  the  gas  nh**o, 

in  the  previous  examples  studied  these  processes  are  appar- 
ently unimportant  and  the  rat-  of  reaction  is  limited  by  the  upper 
limit  of  temperature  and  reaction  rate  In  the  solid  (the  fyrlag  pro- 
cess). However,  in  AN-A1  mixtures  apparently  the  gaseous  phase  ie 
effectively  not  in  equilibrium,  and  fsotor  (1),(2)  or  both  thus  limit 
the  rate  of  reaction.  The  fact  that  the  rate  decreases  rapidly  with 
density  indicates  that  the  lilting  factor  is  mass  transfer.  (Elf fu- 
sion falls  rapidly  with  increasing  density  or  pressure  in  the  vapor 
phase,  but  thermal  conductivity  does  not.)  This  situation  corresponds 
approximately  to  that  occurring  in  granular  "low"  explosives  such  as 
black  powder  in  which  the  burning  rate  decreases  with  increasing  den- 
sity. 

Single  and  douhlo-base  propellants  in  which  the  solid  phase 
is  homogeneous  have  apparently  thermal  conductivity  as  the  rate  deter- 
mining factor.  That  is,  apparently  the  rate  in  these  explosives  is 
determined  by  the  temperature  at  taw  solid-vapor  interface,  but  the 
initial  process  of  decomposition  ?s  endothermic  or  ouch  less  exother- 
mic than  the  overall  reaction.  Host  -f.  the  heat  is  thus  generated  a 
short  distance  away  from  solid-vapor  interface  and  must  be  transferred 
back  to  support  the  reaction.  The  temperature  gradient  away  the 
surface  (temperature  being  anallest  it  the  solid  surface)  therefore 
increases  with  pressure,  and  the  effective  surface  temperature  also 
increases  with  pressure.  The  result  ia  that  ‘he  burning  rate  increases 
with  pressure . 

The  anora-loua  D(hi)  curvee  observed  at  d • 10  ca  in  90/10 
A.N.  DbT  are  believed  characteristic  of  AN-combustible  mixtures  in  small 
diameters. 

Quaniitati  e studies  cf  the  D/D*  ve.  pj  curvee  of  such  mix- 
tures by  meat**'  of  the  detonation  head  model  ehould  thus  irovlde  the 
iwceasary  reaction  rate  data  for  the  study  of  their  reaction  kinetics. 

Tb  is  possible  that  such  studies  would  1c*ad  to  valuable  information  on 
miss  transfer  in  gases  at  high  densities  and  pressures  in  addition  to 
important  practical  and  theoretical  information  on  the  reaction  kineb- 
. ics  of  AcJ-combustible  mixtures. 
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Table  IT 

• Influence  af  A1  Particla  Six*  in  AS-.'.l 
9.94  (d)  x 6.i  (0  cm  Chargae 

liixtorea  in 

A!  Particle 
Sis** 

(g/f'j) 

D(obe) 

(a/aec) 

Al  Particle 
Six#* 

(g/co) 

"5(oba) 

(a/sec) 

A 

P»»r«»int  Al 

10  Percent  Al 

-100  + 150 
-150  * POO 
-200  ♦ 325 
-?2«: 

1.13 

1.13 

1.14 

1.20 

Failed 

Low 

?;.o5 

3050 

- * ICO 
-100  ♦ 200 
-300  + P25 

-325 

1.15 

1.12 

1,1b 

1.20 

i*w  ^ .a 

3035 

3090 

3225 

1,2  Percent  Al 

AR  Particle  Six* 

-65+100 
-100  ♦ 150 
-150  * 200 
-200  + 325 
-325 

1,15 

1.14 

1 14 
l.ld 

1.20 

Palled 

3170 

2865 

2380 

2900 

♦ 48 
-48+65 
-65  + 100 
-IOO  + 150 

13.3 

60.2 

22.5 

4.C 

Percent 

Percent 

Percent 

percent 

♦Standard.  Tyler  Meah 

! 


Table  IU: 

Critical  Oieaeter  Data  for  AN-Al  Mixture  a 

Percent  A3 

Particle  Size* 

Al 

Critical  DLaaetar 
d,.  («) 

0 

-325 

12.7  < 8e  < 

2 

-325 

5.0 

4 

-:2i 

2e5 

6 

-325 

2#5 

6 

-325 

<?  5 

10 

-325 

2.5 

15 

-325 

25 

20 

‘325 

2.5  < d < 5.0 

30 

-325 

5.0 

40 

-325 

>7.5 

10 

- 48  + 325 

5.0 

12 

- 48  + 325 

5 < d«  < 7.5 

15 

- 48  + 325 

5.0 

6 

-150  + 200 

10.0 

1C 

-100  ♦ 200 

10.0 

15 

-65  + 100 

10.0 

♦AN  approximately  the  same  throughout— eae  Table  II 
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Variations  of  Velocity  with  Density  in 

Am«..4i  4M-Wf  Wi  vfmNia 


9CAo  AM-A1  (10  x 60  ca) 


XAO  AN-SCT  (1)  (10  x 60  cm) 


AN 

Saaple 

(g/cc) 

Charge 

D 

(a/sec) 

AN 

Saaple 

(g/cc) 

Charge 

r» 

(a/sec) 

1* 

1.06 

LPee 

3260 

A 

0.88 

LP 

3310 

* \ 

4» 

1.09 

? 

3390 

3. 

T,  00 

TB 

W. 

34£0 

1 

i.iy 

P 

3550 

*» 

« e e 

P 

3560 

1 

1.2S 

P 

OOCA 

3. 

1.17 

P 

3330 

A 

m» 

0.96 

L? 

+*£.  r 

«• 

▲ 

. mm 

l.a/ 

P 

3130 

O 

a* 

1.12 

P 

3435 

7 

1.08 

P 

3315 

2 

1.17 

P 

3290 

7 

1.04 

po 

3340 

2 

1.25 

P 

2530 

7 

1.17 

P 

3210 

3 

1.0? 

P 

3520 

7 

1.03 

pc 

3735 

3 

0.96 

pc 

3490 

7 

1.27 

p 

2905 

4 

1.18 

P 

3405 

rr 

r 

1.07 

PC 

3700 

4 

1.00 

pc 

3715 

5 

Is  23 

p 

Failed 

5 

0.95 

pc 

3675 

6 

1.12 

L? 

2595 

6 

1.11 

LP 

2525 

•Screen  Analysis  of  saaple s 1,  6,  7 were  as  follows: 

AS 

Particle 

Site  Data 

Hesfc 

(1) 

(6) 

(7; 

• 

10  ♦ 20 

— 

5.1 



- 

20  ♦ 35 

— — 

70.9 

- 

35  ♦ 46 

20.2 

6.0 

- 

48  ♦ 65 

48.5 

2.9 

48.4 

«* 

65  * ICO 

60,; 

0.9 

36.9 

-100  ♦ 150 

10.1 

— — 

4 3 

-150  ♦ 200 

4.3 

— 

2.C 

-200 


8.1 


2.4 


Sanplee  2,  3,  4,  and  5 ware  the  awe  mm  Maple  1 but  had  aged  to  27 
days.  Aging  of  AN  causes  definite  changes,  the  aost  significant  of 
which  is  the  peeking  quality. 

**LP  • loose  packed,  p - pressed,  pc  • pressed  end  crushed  to  a loooo 
powder  which  was  then  loose-packed.  This  gaeo  a loose-packed  product 
of  the  mmmt*  papMcle  else  as  in  the  corresponding  pressed  charges. 
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Pis.  1-  Velocity- Diameter  Curves 
f )r  60/20  Trltonr.l  and  i 5/30/25 
SDJMWT-Al. 


Pig.  2 - Ideal  Velocity-Density 
Curves  for  20/20  Wf*-Al  and 
45/30/25  HDX-TNT-Al, 


,T1|  M».md  1 « HP*  ——-a  j 
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Fig.  3 - Velocity-Diameter  Curve* 
for  A!»-Al  ,'ILxture*  (-35  + 150  m**h 
aiJ,  A1  was  -325  mo  ah  except  a*  indi- 
cated, - 1.0-1.05). 
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Fig.  4 - Velocity  v« . 
Percent  (-225  •’**h) 
Hluninva  {f i - 1.0  1.05) 


Fig.  5 - Velocity  va.  DLaaetsr 
tfcasurenents  in  * lux  and  95/5 
pn/-Roron  Mixtures  (Corrected 
to  ?\  * 1.1) 
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Fig.  6 - H,yd  va.  Diaaeter  Curves 
for  Aluininiaed  iSxploalvsa 
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Introduction 


It  is  convenient  to  cccsiasr  detonation  in  cos  dlnetialoml  terse* 
Mach  of  out  insight  regsr,iiA&  ths  proc»*«ses  Involved  i*  derived  Cros 
such  cuasiu«r*tiuns.  la  tbrss,  csss  dinar*?, anal  stall  isratica 

a?  istoaetioa  U equiral n*  to  tbs  asrJEptxott  «r  as  Infinite  plana 
ytm . or  ""fact  CCUfllMMUt  Of  • XUSlt*  rollSSS*  Of  CW3#|  Mlthtf 
of  thee*  conditions  is  realisable  in  that  rarefaction  waves  elos*  in 
radially  as  vail  an  fr«s  tha  rear.  In  colunas  larger  than  an  inch  or 
an  In  diaaater,  fer  rest  asjleslTss,  t le  affect  of  the  rarefaction 
vavea  upon  the  reaction  zccu< . and  heaaa  upc*i  the  stability  and. 
velocity  of  detonation,  are  negligible.  Kvea  quite  saall  coluans  of 
acat  high  perfons*5ce  explosive  cosvounds,  when  highly  confined  iu 
asttla,  &L*at  relatively  little  iUaaai.tr  effset^*/*  in  any  site  charge, 
tb*  HaeiMlcoa  swd.  v,&iitiv»  • uj.  was  head  <tf  vapidly  coring, 
high  pressure  gases  which  fclie*?  t!:r<  istanetloii  ire  directly 
by  the  nature  of  these  wrtf*^ioo-s.  The  dstoaatior.  head  Is  a 
manifestation  of  flow  eonditIu*s  behind  the  datamation  fredt.  *phe 
pressure,  density,  and  teaeoratta'a  drop  ere  let-rained  by  these  flaw 
ccodlUone,  which  are  In  turn  detarained  by  the  aeuoetrv  <Jf  the  ceee 
In  which  the  charge  is  confined.  The  geometry  of  the  of  course , 

is  ctariiaaoii-iy  eoairisd  by  the  forces  uf  ths  detonation. 

A rigorous  treatment  of  flow  conditions  In  aad  behind  tha 
reaction  son*  is  boy  cad  tha  scope  of  available  cathode,  sad  would 
require  inf  oraatl  nix  vhich  1m  not  aval  labia.  Tree  taunts  baaed  upon 
reasonable  co  adaptions,  soaatinaa  quite  obvious  approxiiaatians,  have 
provided  bases  for  qualitative  unrtav«*andinK  and  sometimea  lean  to 
caul  ••aepirl  cal  equation  which  ehesh  well  with  experiment. 

Important  contributions  to  the  understanding  of  the  effect  of 
radial  leases  upon  the  stability  of  datnaatloa  were  made  by  Jones 
and  by  Eyrius  and  bis  co-vorter* (i) . For  these  purposes,  the  flow 
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need  be  •.  ouaidurud  uU*  t~  the  extent  that  it  affects  cocxiitiona 
within  the  reaction  son*.  Tbe  curbed  tc out  thccry  cf  Syrlng  and  hie 
c&-4uikiiii-i  Is  ^uite  useful,  for  this  purpose  • *!b«  relation  beeveen 
tnr.  curvature  of  the  front  and  conditions  safer*},  charge  diameter* 
tech  wold  be  difficult  tc  establish  and  nor*  difficult  tc  vsri;  vita. 
The  f lev  'aahiad  the  reaitteo  t^na  has  been  analyzed  for  several  aata 
of  r»po«L*i  .-xLftlitions  including  these  for  the  edge  •#  * eeal-inflaite 
charga  (3)  and  a thin  cased  cylinder^  )- 

It  hat  been  noted  that  a very  small  charge  of  explosive  heavily 
confined  in  natal,  behave*  quit*  ainilarlyyla  moo  respect*,  to  a much 
bar-;  share*.  Thi • fnc*  baa  Isd  to  the  developerst  cf.n  aaidl 
scale  techniq’ie  for  the  aeasureownt  of  detonation  velocity V>  i . 
Assec^jtsd  vi+h  ♦h»  rim-awn  ueefulaass  of  lareer  teal*  olate  dant 
teste  Vo ) it  i^ptred  the  hope  that  a useful  Means  cf  evaluating 
explosives  of  which  only  swell  quantities  are  aval lan Is  might  lie  in 
a dent  test  in  which  the  dents  tr«  produced  by  snail,  highly  confined, 
charges. 


The  results  obtained  in  the  rirst  e**ili  scale  dent  experiments 
were  systematic*.1 1,'  related  to  properties  of  the  explosives  used,  but 
do  not  correlate  well  with  the  largK}  scale  results  of  8adth  and 
StfsUru).  The  obvious  reason  for  this  difference  la  results  was  the 
large  difference  In  the  confinement  used  in  the  two  types  of  teat. 
Since  explosives  were  Included  which  exhibited  little  diameter  effect, 
it  wee  reasoned  that  the  effect  cf  confinement  upon  dent  teat  results 
■ust  be  a manifestation  of  its  effect  vpan  the  conditions  behind  the 
reaction  sane.  The  explosive  coluaas  used  in  east  of  the  ssnll  scale 
experiments  were  confined  In  antel  cylinders  so  thick  that  further 
increase  had  negligible  effect  upon  the  results.  The  thin  cased 
charge  valysea  quite  clearly  do  not  apply  to  these  eaywriacn+ft  but 
the  outer  boundaries  of  the  c.*ee  nat4.  not  b*  cncaldersd. 

a useable  expression  has  been  derived  which  relates  the  depth 
rf  dent  to  the  properties  a*  the  explo#5T'*  and  confining  reditsa.  An 
Xcnortiuit  asevaptlon  in  tads  derivation  is  that  the  length  of  the 
"head"  of  high  pressure  product  gases  follow  inf  the  detonation  la 
vVjtirsinr'l  **y  the  i »♦».**»>  M)n«tian  of  at*ta  of  the 

explosive  and  the  ccsfimog  aedlue.  The  present  tuner  Include;  .* 
discussion  cf  the  application  sad  limitations  of  tbs  use  of  this 
expression  together  with  illustrative  date. 

grperlaana*!  Technique  and 


*a  ate tM  above . the  dent  produced  by  nail,  high?  ‘ confined, 
colueas  at  explosives  was  first  cons  loured  as  sa  economical  means  of 
evaluating  -xperinental  explosives.  Hi*  small  anouat  of  e^tipoant 
netdud  wee  a very  attractive  feature.  To  explore  the  possibilities 
of  vush  ft  test  a series  of  trials  was  sad a .’1th  the  general 
amngtsmat  shown  in  figure  1. 
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The  txplcaivt;*  vere  lc*<WL  into  he*  ? nailed  bmsa  tubes  amde 
uv  dj.*iilu-«  aad  x'cmiiu^  bur  nUick*  Zi^a  -cudou  '.ere  comitciburcu  uw 
cue  mu  xor  um  Insertion  of  an  electric  initiator.  Most  cf  tho 
tmoee  rare  iw  IuuLbm  -■•  p with  UmjuL  a lalf  inch  dcc£  Cti^bcrb-sra, 
leering  about  one  aod  a half  laches  for  the  explosive  column. 

Several  nice*  of  tubas  were  used  including  0510,  051?,  0520  end  0535 
ic side  uianstarw.  Tho  ratio  uf  tho  outside  diameter  of  the  tubes  te 
t ha  UM*  3 u*  uieart-wr  vuit  aerar  in«r.  than  6«6(*  It  is  bvtllSVed  that 
thia  ratio  was  large  enough  for  adequate  confinement  iu  each  c «Mf 
s&i  that  any  furLlwr  increase  vould  bare  had  a negligible  ufjSV**t. 

Trto  clocks  m widch  the  dents  were  .*aade  were  mu  iu uh  long  piece*.' 
cut  froa  one  by  tv*?  inch  cold  riinsnau,  iivO.  steel  bare*  TL* 
dent-  wee  iswic  ?n  one  of  tie  broad  faces  which  van  cold  finished. 

Toe  mu  loaded  ty  iacrvasnt s at  2,000  pal,  3,000  psi, 

w ;«»,000  F*i.  Inewmeents  vers  Halted  la  length  to  not  acre  than 
the  d lam  tar  of  tea  bole  la  order  to  reduce  the  variation*  in 
density  due  to  vail  fklcticn  vbich  occur  vhea  laager  incremate 
ere  mM.  t>naiti*s  vere  duteraOtted  from  the  leading  pressures 
using  the  relations  gi«wn  by  Benptoa (8).  Ze  sene  caeca,  toesa 
valves  vere  verified  by  assjiursaents  of  the  volues  end  aass  of 
tmpijai <ns  co loans.  XLsrtrfc  Initiator*  vith  bridge  vires  attached 
by  the  apray-smUl  process  U9)  loaded  vitL  chaigev  if  *1*  Ly 

milligram*  of  allied  lend  aside  at  1.C00  psi  .ei  used. 

The  depths  of  dents  vers  aeasured  to  tbs  deepest  part  of  the 
dent  fr -m  the  flat  surface  of  the  block  at  a distance  far  enough 
from  the  dent  to  haTs  been  uadlstusbeA  by  the  explosion.  An  Anas 
dial  indicator  pedestal  height  gage  van  need,  the  deepest  point  can 
easily  be  located  by  moving  the  black  vith  respect  to  tho  feeler  of 
***  t'i-.uii  a auaclj iwn  tlefleetlcr  i«  obanrvod.  The  depth  vae 
aeasured  vita  respect  to  at  Inset  two  opposite  points  on  the  surface 
Lu  check  the  flatness,  if  tb*  two  rseillngr  agreed  vithla  one 
thousandth  of  nu  inch  they  vrre  avcrsfci.  Croar«r  l lnsnrssnit 
Indicated  dirt  usde?  the  _-l nr**  +>u*  fiAtuMn  had  been  chocked 

before  the  test. 

•Si*  x vaults  of  the  expiorato.y  ir*«ta  indicated  tuuL  Um  effect 
of  evof  laascmt  upon  dent  test  results  nJ  'Jm  ‘oe  much  greater  than 
ca  detonation  velocity  uaaeurensets.  jfcv  this  reason,  a number  of 
trials  vere  aada  using  a variety  of  confining  eedla  sad  tubes  erf 
varying  thickness. 

fha  detonation  velocities  of  the  explosives  used  In  the  first 
gtv«g*  uZ  capvriiau.tL«  *aiv  e»tlmeteu  rrum  tl*  densities,  vhlcu  in 
tum  vere  estimated  free  the  preostares  at  vhlch  they  vere  loaded. 

In  tbs  vnre  recent  iTTierleeiits  both  whs  density  and  tha  detonation 
velocity  vers  asaaured  for  each  trial.  Ths  densities  vere  oo^uted 
fraa  ncr^uresMnts  of  the  dimension  of  the  hole  into  vhlch 
explosive  was  loaded  and  weight*  of  explosives  determined  hy 
vcighire,  t.Jm  containers  before  and  after  loading.  The  datamation 
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velocities  vice  dswmined  by  measurlvg  the  tis-»  repaired  fur  the 
iatcnat^cn  to  traverse  tbe  lest  lacn  of  the  colusn.  ^he  reloclty 
aoaaurerent  was  essentially  that-  described  by  £wpt on^?;.  The  tlasr 
vase  via  *as  vs-cuca  tbeysocoupi*  timer  described  uy  Stresau  and 
Goode  (9).  In  order  to  asasuce  tbe  detonation  Telocity,  the  ccnteiiimr, 
as  vs li  an  the  e^loeive  coIusq,  vu  eade  la  sections  to  facilitate 
Um  liitti-fcica  of  an  ionization  probe  ore  inch  fm«  tbe  and.  iin  inch 
long  eolvaen,  as  nearly  identical  to  the  final  inch  aa  poeelhle,  both 
as  to  Uud-Ing  and  confinaneot,  preceded  the  section  offer  vnich  the 
Telocity  w *«  awured.  This  latter  section  vns  for  the  purpose  at 
Insuring  that  the  detonation  had  stabilised  before  the  velocity  w 
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The  limits  obtained,  figure  2,  were  sore  or  leas  cylindrical 
with  nearly  flat  bottoms.  the  charges  used  vsre  snail  enough  so  that 
the  only  measurable  .iaf ermetion  at  the  plate  other  than  the  dent  va * 
a flight  swelling,  about  07002,  which  res  radially  symmtrical  to  the 
dent.  la  figure  3 the  depths  of  dents  obtained  with  four  high 
explosives  end  f o w coluan  disasters  are  plotted  versus  the 
detmUutt  velocities  cf  iim  explosives  loaded  at  the  seas  densities. 
The  velocities  us  ad  in  this  plot  ware  dateowineA  froa  the  loading  . . 

densities  using  detonation  velocity-density  data  froa  **J>.  Survttsv3*1'. 
Vote  the  linear  reletloiship  cf  depth  of  dent  to  Uetonatlon  veloolty. 
The  convergence  of  the  Unas  at  a point  Is  probably  not  elsplflosnt. 
The  charge  wu.  Catenated  with  a few  lncr— sets  of  lead  aside  between 
the  initiator  end  the  main  char  gw,  figure  1.  Sals  detonator  charge 
could  cauee  considerable  difficulty  if  it  had  to  be  considered  in  the 
Interpretation  of  results.  However,  of  the  aeswptlcn  east  be  aade 
that  tbe  dent  is  caused  entirely  by  the  charge  aateriel,  n fairly 
simple  relationship  between  the  depth  of  dost  sad  the  properties  cf 
the  explosive  eay  be  derived.  It  was  u*>r*Sof  neeessery  to 
Setemine  the  variation  cf  depth  of  dent  with  length  of  explosive 
coluan. 

A study  cf  the  effect  of  charge  dimensions  on  the  depth  of  dame 
vim  undertaken.  Char  gas  of  lead  aside  and  tetryl  j*  which  the 
fractional  coluan  lengths  of  the  two  aaterlfda  ware  waried  won  * 
detonated  on  the  surface  cf  natal  p'ates  and  a aseeufc  of  the  depth 
cf  dent  was  aade.  The  explosives  ware  loaded  in  oolras  at  total 
length  073,  170,  and  173  at  8,000  psl  la  heavy  walled  containers. 

The  results  of  thuss  experiments  sre  plotted  in  figure  h.  Bote 
that,  both  t-««  total  eoluss  length  (t)  the  le&eth  c " tbe  tetryl 
coluan  (y affect  the  depth  of  dent  when  these  quantities  are  small, 
but  when  i-ja  total  colum  length  exceeds  about  an  inch  and  the 
langtl*  of  the  tetryl  column  is  over  approximately  five  disasters, 
thu  depth  cf  dent  becuses  Independent  of  both  cf  these  dime  as  ions. 

A si'wtlar  sa®«ri*ent  vw  perform*!  in  which  the  depth  of  dent  was 
igUmiicu  as  a fraction  of  toUl  coxum  length  for  lead  aside, 
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Figure  5.  Tn  this  eapsriacct  a standard  length  cf  tub*  was  us  id  so 
that  tbs  air  g*P  between  tbs  initiator  art  tha  coluan  dscrenstd.  as 

tbs  C'li-TCtfl  i a SjA  S^'Sp#  Of  the  CurVO  SrSttS  t» 

indicate  that  the  effect  cf  this  change  in  gap  bef-ten  bl-i  initiator 
mm  •rnlowiYe  crliam  la  negligible.  l*h*  nor.th  of  dan*  b«e«* 
independent  of  tha  length  of  tha  coluan  vbo»\  tha  coluetn  length  exceed s 
about  a half  xuoa.  She  lar<jer  relative  diapers  lone  with  load  aside 
i x'f  ba  attribute!  at  least  in  part  to  tha  residua  of  load  vhich  had 
to  ba  rcaoved  frea  tbs  dent  before  asking  aAssurenants. 

A ratlMr  interesting  feature  of  tha  results  of  tbaaa 
a^arloesta  la  the  nearly  lisear  relatiwnahip  between  the  depth  of 
ubUt  Aivl  ihw  uatuoati.ua  Twiociiy,  Figure  3*  Bjeea  rwwuli*  no y he 
v'onrTswced  with  thoee  obtained  in  larger  seals  sggerisssts,  rigure  C, 
in  which  it  vac  fossa  that  vS-  i^th  or  dent  vw-isd  laaaArif  with 
fC^~>  vhsro  D is  tha  datouatJ'jn  vwhioity  and  rQ  is  the  density  at 
wucu  the  explosive  vaa  loaded.  This  apparent  contradiction  aay  ba 
explained  by  the  fuct  that  tha  larger  chargee  were  berr  while  the 
ewaiiiw  charges  discus  sad  narala  were  highly  confined  in  saatai.  It 
in  believed  that  the  following  Qualitative  discussion  nay  aid  In 
unserstandiug  what  was  experinantally  observed.  Consideration  of 
danta  in  astala  baa  usuuly  bean  In  connection  with  eeasurtng  their 
haraasss.  A generality  which  nay  be  inferred  froa  hardness  theory 
and  data  is  that  the  work  dcaa  in  producing  a dvat  la  proportional 
to  the  voluae  of  tha  'last. 

Bse  else  and  condition  of  tha  "head"  of  rapidly  soring,  high 
pressure  gases  which  follows  a detonation  la  directly  detarainsd  by 
tna  nature  of  tha  rarefaction  wvm  which  follow  teen  tha  rear  and 
close  in  r»dially;  T*  /’obans  whose  lengths  axe  lara»  enough 
compared  with  their  disasters,  tha  head  reaches  a stable  condition 
which  ir  ist.a yaiiietf  uy  the  boundary  condition*  at  the  cylindrical 
surface  of  tha  oolunt.  Both  tha  else  of  the  head  ana  whs  length  of 
the  col-jsn  required  f»  It  to  stabilise  itself  depend  up on  what  .Jt 
considered  to  bo  port  of  tha  be  id.  Oseev  and  Flnkalstain'u*i,  define 
the  head  a a all  of  'mi  itesard  mart  »ig  grass,  bux  for  the  purpose  of 
the  present  diacuawion,  it  will  ba  arbitrarily  defined  so  the  aster  lei 
which  contribute*  r-asAurSbly  to  the  dnfarmtion  cf  the  ate*  i block. 

By  iefiriticn  anted  c*u  ba  pamanently  deformed  only  by  stress?"?  in 
axcasa  cf  its  elastic  Halt.  The  pressure  videb  a norm*  fluid  can 
exert  upon  a surface,  is  the  svss  of  the  stat , i pressure  (P)  and  the 
kinetic  pressure  r 'jr , where  /*la  the  density  and  u la  the  particle 
•twlocity  nonaal  to  the  surface,  This  sun 
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will  be  known  herein  as  the  "total  pressure".  It  will  be  aaeunsd 
that  tha  ksad  Includes  that  gas  for  which  the  total  pressure  exceeds 
the  elastic.*  Unit  cf  the  natal. 
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la  considering  the  effect  of  d 1mm ter  u&  cor£ lament  upon  the 
detonation  velocity  at  explosives,  oujee^i  develops  hie  arguenat 
on  the  baaia  that  the  expansion  at  the  case  allows  erpaaeKa  at  the 
e^ploe^s  during  the  reaction  tine , m approach  ebrueoisritsd  by 
syriagC1)  as  the  "nosxle  theory"  • In  considering  oacdittaBS  behind 
the  reaction  tone,  the  aocsla  conoept  beocma  oven  stove  ueeful.  At 
the  and  at  the  reaction  sons,  according  to  the  Chas«sii-<*ow€u*t  theory, 
the  sta  of  the  ••-.usd  velocity  and  the  particle  velocity  is  to 
the  detonation  velocity.  In  teres  of  ordinates  aoing  at  the 
detonation  velocity  this  mans  that  the  particle  velocity  is  equal 
to  the  sound  velocity  whiJ*  is  the  throat  condition  of  an  ideal 
u«  level  sossle. 

Cvuraat  and  Prisdrich*  describe  a "hydraulic"  treataest,  similar 
to  that  of  Reynolds,  whereby  very  go 64  apprcociaatlona  of  flew 
conditions  in  a Aa  Laval  noasla  aay  be  Obtained*  Introaaclng  a set 
of  surfaces  of  revolution,  perpendicular  to  the  mil,  it  is  •earned 
xxotf  is  orthogonal  w then  cad  that  all  relevant  quantities  axe 
constant  on  then*  further  ossmlne  that  the  adlahatlw  expansion 
of  the  ass  follows  the  1m  that  PVT  is  constant,  that  the  flow  Is 
irrotaticnal,  an  a Bernoulli's  lee,  a set  of  equations  is  derived 
relating  the  particle  velocity,  the  cross  section  area,  the  eoual 
velocity,  the  density,  sad  the  pressure  by  various  facetious  of  game. 


9m  shape  at  the  notsle  f creed  by  the  sagending  osse  is 
determined  by  the  interaction  at  the  explosive  faroes  end  the 
.resistance  of  the  mtal  to  defomaiite*  the  awsrgtlcn  of  a simple 
conical  noasla,  while  aatiefactory  for  consideration  at  reaction 
case  phanoesna  heeoees  incraasingly  uareaUatlo  as  the  length  under 
sonsldecmtion  increases  because  it  Implies  an  unlimited  source  of 
sUiMSy , An  aatmptlcn  which  la  not  unreasonable  is  that  at  all  pcinte 
can  the  surface  at  the  nossle  the  pressure  le  equal  to  the  product  of 
tbs  shock  velocity,  the  juatlcle  velocity*  and  the  density  of  9m 
mtal.  Thin  follows  trrz  a not  too  critical  sgpllcstion  of  the  law  at 
conservation  of  woneatu*.  Tt  this  relationship  is  oonhlned  with  the 
nossle  equations,  a cob®  lately  nansnagmbls  set  of  expressions  can 
be  derived.  If,  however,  slag  la  integers,  such  as  ten  or  three,  are 
substituted  for  game,  it  is  possible  to  obtain  no  erieal  solutions 
for  the  various  flov  quantities  by  a process  of  Iteration.  The 
system  scales  in  terns  of  the  dimnaionless  quantity  L 
where  L is  the  distance  >>■>«<  "*  the  front,  is  the  density  of  the 
explosive,  D*  is  the  detonation  velocity,  r is  the  radiuv  of  the 
explosive  charge,  /oc  in  the  density  at  the  confining  eaddun,  and 
So  is  the  velocity  erf  a shock  in  the  confining  nsdiua. 


If  it  la  aasuead:  that  the  detonation  "bead*  scales  in  term 
of  the  dl&ou* ionises  quantity  mentioned  above;  that  the  velum  of  a 
<knt  in  steel  Is  proportional  to  the  energy  suspended  la  producing  it, 
that  the  energy  delivered  to  the  plate  is  proportional  to  that  in  the 
"head";  and  that,  for  a constant  dimeter  explosive  charge,  the  volume 
Vi  tbs  dent  produced  Is  proportional  to  its  depth,  the  following 
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where  S is  a constant  .slated.  to  the  strength  d!  the  steal*  S and  k 
can  lo  deterwinM  using  two  exptxlnantal  points  ootalusd  with 
explosives  far  which  the  relationship  between  density  end  ditoaavtoo 
velocity  Is  Jcacvn.  In  Figtre-c  Y,  the  *sre«aaai.  betwersn  wtt 
experimental  data  and  toe  curves  plotted  xrtsa  the  <«iu»olou  i»  quite 
remukubls. 

It  will  be  noted  that  equation  2)  predicts  that  the  depth  at 
dent  should  be  proportional  to  the  shock  lspedance,  the  product  of 
the  de?«'<+y  snA  th <•  shock  velocity,  of  the  esse.  A series  at 
experiment*  was  undartaJosn  to  teat  this  predictiua.  These 
experiments  differed  from  the  previous  ones  aaialy  in  that  the 
confining  aedlta  was  varied.  The  results  of  these  werixsnts  are 
shown  in  Tables  I and  It.  She  coapuaitlons  of  the  confining  ■sells 
are  given  in  sable  111.  It  it  seen  tram  Table  I,  which  shot  s the 
effect  of  case  can? iasesnt  tor  genii  charges  of  PS !H,  that  the 
dr  tn  nation  velocity  at  the  PETE  loss  not  change  as  a function  at  the 
c-.afi nlng  media.  However,  the  output  cf  the  charge,  ae  eeasured  by 
• tent  t*#t,  does  change  with  the  confining  cause  end  is  directly 
related  to  the  characteristic  shock  lspedance  of  the  case, 

llote  tbs  agreement  between  the  shock  velocities  at&pured  using 
entirely  different  oetbofla . Shis  is  an  indication  that  the  tins  fur 
tbs  reaction,  cf  th*  mom  to  be  cajpletod  in  so  short  that  tha 
'‘crditioaa  in  thr  fraction  sons  m-»  not.  by  rouf/imsaunt,  but, 

ainos  tha  measured  output  of  the  ’.’EOT  charge  Is  cLaugsd,  the  flow 
cooditious  in  the  detooatiun  bead  must  have  changed* 

The  i*rr*c*««  which  takes  pise , in  SW?  vhsa  confined  in  vwrioue 
asdia  is  not  so  simple,  as  shown  by  an  inspection  of  Table  II,  and 
in  a acre  specific  case,  that  Is,  for  inT  confined  In  ste*'v  h* 
susrua  ut  Figure  S.  far  this  explosive  there  is  both  a velocity 
change  and  an  output  change  due  to  ccnficrsaeot.  Shis  it  ?**n  by 
ttCepariag  'the  eeasured  velocity  end  the  lv.  je  scale  re3ncity  for  the 
saise  density..  The  detonation  velocity  called  large  scale  velocity 
in  this  report  is  that  obtained  fro*  experimental  rate-loading 
density  data,  and  for  TBT  the  difference  between  the  Measured 
velocity  and  this  value  decreases  as  tbs  density  is 

iTicrsaocd.  This  Indicates  that  the  rmetion  toe*  length  at  t/s 
«xp3U^i7«  in  an  lovsrse  function  at  density. 

A comparison  of  tbs  reset  lor  cone  lengths  for  FES*  andl 
b*  obtained  using  relationships  derived  by  Spring  at  ai 
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whore  D * detonation  Telocity  (aeuured) 

Dj_  - ideal  detonation  velocity  (large  seal*) 
a ” reaction  *ona  length 
R * rodlua  of  the  charge 
r « density  of  explosive  charge 
£ • density  of  case 
De  » shuck  r.  locity 


substituting  values  fraa  Table  1 for  PJSBI  "***»< '^  in  steel 
(<*-  1.35)  a » .12  as 

substituting  value:  fraa  Table  H for  *BK  (f  * 1.36)  a « 2.k  am 
substituting  values  t4.es,  7.wl»  II  for  WT  (f  • 1.5S)  a - .106  an 


'fyft  vmJy^t  obtained,  for  the  length  of  the  reaction  sane  agree  (n  » 
quantitative  way  with  the  topper  Unit  values  given  by  SeraberaUl)  , 
if  we  sssuns  that  the  r«e<.wica  xese  lexgth  of  PEffl  Is  shorter  then 
that  of  nr  free  the  «fr«rt  of  cnrflnsseut  on  each  explosive,  end 
fraa  the  eonparatlv*  eenslMvity  of  each  explosive,  fins  one  sees 
that  the  reaction  sane  lengths  for  the  two  explosives,  7VT  cad  FSSS 
differ  appreciably  for  aiailar  conditions  of  confinement  end  loading. 


The  result*  obtained  with  aluslaua  sad  argseslue  era  as  *.-?• 
combination  of  \ vindication  of  these  equations  and  an  ilXuotmtxon 
cf  their  limitations.  It  is  clear  fren  a glance  •«.  t*u nticnx  3)  that 
tha  predicted  effectivenses  of  s confining  nedliai  Id  ores  see  so 
sharply  -*  its  shock  velocity  approaches  the  detonation  velocity  of 
the  explosive  that  its  density  assuus  a secondary  layorUnoe.  It 
will  be  noted  that  the  detonation  velocities  cf  137  ov~  %ns  leaded 
la  sluDlnun  end  nagnaaltm,  which  have  high  chock  velocities  hut  low 
densities,  are  higher  than  thoee  confined  lu  babbitt.  A»  predicted 
^ equation  3)*  which  applies  to  the  veaction  sons,  uladaua  is  s 
better  confining  asdiua  then  babbitt  so  fas  as  dvtoastlon  velocity 
is  concerned,  but  cs  predicted  by  equation  2)  which  was  derived 
con  cider  tug  the  whole  detonation  beau.  imnbiy?  it  a carter  confining 
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aedium  then  aivulnwm  aa  indicated  by  tbe  otub  test.  Thtt  difficulty 
arise*  when  an  attewpt  is  a*da  to  u««  equation  3)  quantitatively . 

Tba  of  tha  Imaginary  quantity  ro  bolting  from  the  substitution 

sf  a shed:  velocity  higher  then  the  dsteaaiica  Telocity  is  scBssshat- 
difficult  to  grasp. 


All  of  t h/i  erefini:'^  i-^bes  used  in  tha  experiments  described 
abev^  were  so  thick  that  it  was  asswed  that  ^.s-thar  increase  in 
thickness  would.  nave  negligible  effect.  A caries  of  experiments  vu 
run  with  tubes  cf  varying  thicknesses.  The  results  of  these 
experiments  ere  given  In  Tables  IV  end  V.  The  one  inch  outside 
disaster  tro.'os  used  In  the  previously  asntiooed  experiments  are 
obviously  large  enough  to  justify  this  sssisptlm.  heaulta  obtained 
a ILlx  rS 7Z  dre  j'ivou  iu  Tnulu  IV.  7>ithsr  the  material  dux'  the 
thickness  of  the  confining  tube  has  ea  affect  an  the  detonation 
velocity  of  PEW  which  Is  large  enough  to  be  detected  with  the 
instnasjatat.on  'xstd.  lhe  dent  produced,  however,  varies  systemati- 
cally with  tbs  outside  disaster  for  each  confining  medium. 

Sines  the  results  of  the  experiments  with  the  dstu^1*  confining 
media  were  sore  nearly  as  expected,  these  experiments  will  be 
ccaaid»-ad  first.  In  teres  of  the  Interpretation  of  dent  teat  data 
on  which  this  paper  baa  been  based,  the  effect  of  the  outside 
diameter  of  the  tub*  '.men  the  dent  should  be  felt  whan  this  diaimter 
is  mall  enough  that  the  rarefaction  wavs  which  la  the  reflection 
of  the  shock  wave  flat  tbs  surface  reaches  the  bore  of  the  tube 
within  this  length  of  the  detonation  heed.  If  it  is  assumed  that 
shock  end  rarefaction  wav«s  of  all  cmgAltudea  have  a constant 
velocity,  the  distance . "L" . from  the  detonation  front  to  the  point 
where  the  rarefaction  wave  intersects  the  bore  sen  be  obtained  from 
the  siseple  tri^cnaaetrlc  relationships: 

k)  si o 2 • I >c/^s^)  **  * fcteot  ii 

where  B is  the  angle  bet-wean  tor  axia  and  the  shock  front  in  tba 
natal  and  "t"  is  taw  thickness  of  the  tube.  If  we  apply  these 
elutions  to  the  da«a  for  PiZW  confined  in  steel,  tba  1 r gth  c? 

!>"■£  ictixvJLowu  is  in  the  nel  ghborlcod  a£  three  oilliseters*  Hie 
larger  variation  of  shock  velocity  with  amplitude  m tbs  other 
«***■*•< ala  makes  the  wave  front  geonatry  v.o  coop  Heated,  to  express 
in  these  siapin  terns,  but  an  order  of  magnitude  correlation  might 
be  expected.  Brass,  whose  shock  velocity  and  density  are  close  to 
those  of  steel,  is  quits  s jailer  in  its  behavior  ea  a confining 
Medium  both  with  thick  sad  thin  walls.  The  outside  diameter  at  which 
tbs  effect  of  the  surface  rarefaction  is  noticeable  M 

smaller  babbitt  bath  because  as  a poorer  confining  aedlue  it 
would  support  a shorter  detonation  head  and  because  of  its  lover 
shock  velocity,  tba  ratio  of  KLR  to  "t"  la  equations  k)  sad  5) 
ia  larval . This  expectation  is  realised.  Table  IV, 
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Equations  4}  bed  5)  cannot  be  applied  to  aluainiBi  bed 
aaaaaai ne  because  their  shook  velocities  exceed  the  detonation 
velocity  c£  the  explosive.  An  interesting  feature  at  the  magnesium 
<md  aiooinua  data  it  the  sbzxy  increase  In  depth  of  dent  with 
decreasing  diameter  at  about  0*45  inch  outside  diweetar. 

Ohoervation  of  the  shapes  of  tbs  dents  produced  left  no  doubt  that 
this  increase  was  associated  vita  a substantial  contribution  by  the 
case  to  the  denting.  Apparently  thr~«  materials,  due  to  their  good 

* Impedance  match  to  the  explosive,  acquire  oncigh  forward  momentum 
to  contribute  appreciably.  The  rather  sharp  meek  at  0*4$  Inch 
diameter  may  be  associated  with  the  distribution  cf  this  momentum 

* over  so  large  an  area  that  the  pressure  exerted  on  the  steel  wee 
reduced  below  the  rather  definite  yield  point  of  this  material. 

The  results  obtained  with  TJfT  in  tubes  of  varying  Hamster, 

Table  Tr,  ere  quite  similar  to  those  obtained  with  2B 33,  except  that 
V*th  the  material  and  thickness  of  confinement  affect  the  detonation 
velocity.  The  decrease  of  detonation  velocity  with  the  outside 
disaster  of  the  sta-.l  tubes  Is  about  what  might  bars  been  anticipated* 

The  apparent  Increase  at  detonation  velocity  with  decreasing  outside 
disaster  of  the  babbitt  tubes  was  quite  unexpected  and  has  not  yet 
been  explained.  The  possibility  of  measurement  aberrations  is  being 
investigated. 

The  "hydraulic”  treatment  of  the  dm  Laval  notsle  Is  based  an 
the  assumption  that  radial  pressure  gradients  are  negligible,  far 
nozzles  with  —11  expansion  eagles  this  assumption  is  quits 
realistic.  As  expansion  angles  Increase,  however,  so  do  radial 
pressure  gradients.  The  expansion  angles  of  the  nodules  framed  by 
the  interaction  of  detonating  explosives  with  the  nonflnieg  media 
increase  as  the  shock  Ispartsnoe  of  the  media  decrease.  Cm  resulting 
lnsrea*e  in  radial  pressure  gradients  is  quite  apparent  In  the 
«a epic  ou.'  dents  produced  by  the  lagingamsnt  of  the  detonation  on  I 

■tael  plates.  As  the  impedance  cu.  the  confining  »»fiua  Is  j 

decreased,  the  'haps  at  the  dent  changes  tram  the  nearly  flat 
bottomed  configuration  of  TV'urv  2 to  tiin  nearly  conical  dents  ! 

produced  by  *’s-v?*5£iilri  charges.  j 

A nozzle  promotes  the  conversion  of  thermodynmdc  energy  to 

i kinetic  energy  by  presenting  a surface  to  the  aggrading  gases  a-. 

stub  an  angle  that  a component  of  tv*  force  is  In  the  direction  of 
acceleration.  The  uaqpituda  of  this  element  is  prcpartlonal  to 
4 he  product  of  the  pransure  and  the  sine  at  half  the  expansion  angle. 

* For  small  angles,  the  press vurs  change  is  —11  and  the  acceleration 
increase*  with  toe  angle.  Far  larger  angles  where  the  radial 
"’■•••ure  gradients  are  appreciable,  the  pressure  at  tac  aarfaoe 
decreases  until,  at  sene  angle  depending  upon  the  thermodynamic 
chazvoterls  tco  of  the  gas,  it  reaches  zero.  The  axial  component 
of  force,  la  »uct  « vyatea,  must  go  through  a maxis—.  In  ths 
nozzles  formed  from  confining  tubes  by  detonations,  ths  nozzle  angles, 
varying  in  accordance  with  the  orinciplas  discussed  above,  nlso  may 
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be  sxussted  to  00  through  optimums  for  acceleration  at  the  gases 
as  they  choaga  with  tbs  shock  iapcdansa  of  the  tubes.  It  should  he 
kept  is  taiad  that  this  acceleration  is  la  tbs  opposite  dlrectica  to 
the  detonation  velocity  so  that  the  optimum  acceleration  would 
sc««sbss2  with  c jfarvari  ss****i,»  *2*!'.  a — 4 wim»  Amm  ■ t. 

Table  Vi  lai  data  sstal&nd  by  Savitt(iB)  see*  to  gigiper  thic 
expectation. 

The  agreement  between  equation  2)  and  eager!— ntal  data  frown 
In  figure  3 was  pertly  the  result  of  the  similarity  of  the  equations 
of  state  ag  the  reaction  products  of  the  explosives  used  in  these 
experiments . 'Em  geavrul  usefulness  of  detonation  velocity  as  a 
criterion  of  explosive  perfnr—  ore  also  ste—  fren  this  slnllarity. 
vop  so—  purposes  and  with  oertala  «up lot  tree  the  lank  of  wurralatlon 
between  detouation  velocity  perfunoance  is  probably  related  to 
variations  in  equation  of  state.  An  example  of  this  was  a mixture 
of  HEX  with  about  twenty-three  percent  of  wax  and  resins. 

Fragmentation  results  with  this  explosive  gave  much  poorer  results 
than  sould  he  anticipated  froa  the  detonation  velocity.  This 
explosive  also  made  smaller  dents  than  ware  predicted  by  equation  2). 
Further  investigation  may  lead  to  sore  aoouraita  predictions  of 
explosive  performance  by  the  use  of  the  —all  seals  dent  tost  «flaMwart 
with  tho  as.ll  scale  detonation  velocity  measurement*. 

Conclusions 

Son*  conclusions  which  may  be  drama  from  the  fore-in*  are  that: 

1.  The  depth  of  the  dent  which  Is  produced  by  tbs  laglng— er.t 
of  a detonation  tg on  a steel  plate  is  a faction  of  the  length  of  the 
detonation  heed  as  well  as  the  peak  detonation  prescrsrt. 

2.  That  the  ns?  at  the  oonoept  of  & da  SK.ru!  nozzle,  formed 

by  Uts  action  of  the  explosive  on  the  confining  — dime,  which  tsuvml# 
with  the  lot-nation  ?aaxts  pcarlbla  the  derivation  of  an  esgressioo 
relating  the  depth  of  dent  to  the  yi>cn«rtlss  ox  the  explosive  and 
of  the  confining  medium  which  correlates  well  with  csperimratal  data 
for  charges  confined  in  thick  «et*l  tube*. 

3.  Tiiai  tlm  eu»»ls  suuoept  mm)  be  yyllad  to  thbfewr  tubes. 

h.  That  the  nozzle  concept  also  may  be  applied  to 
cylindrical  charges  of  any  cutflne— rt  if  a mma  ge—raliaed  treatment 
nozzle  flow  than  the  "hydraulic"  treat— nt  l*  — ed. 

5*  Omt  tbs  dent  test,  camblivd  with  detonation  velocity 
— asw— ♦s,  can  make  uor*  reliable  predictions  of  explosive 
performance  possible  where  equation  of  stmt*  variations  affect  fa* 
.•liablUly  of  prediction  based  or.  detonation  velocity  alone. 
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Confining  Kadiusi 

* 

u 

D* 

Pa 

fa 

Dc 

K 

7«iac  Alloy  Dl*  Cast 

2b. 

o.« 

6750 

68*0 

1.362 

6.60 

4050 

22 

0.30 

6850 

6850 

1.368 

3850 

Magnaflua  Die  Cast 

12 

0.17 

6750 

6fck> 

1.360 

1.61 

7834 

12 

0.17 

6700 

6950 

1.380 

7834 

teess 

35 

o.%7 

6850 

6850 

1*335 

0.50 

4519 

4350^) 

tegular  Brass 

36 

0.48 

6650 

6950 

1*370 

8.50 

4615 

4291^) 

Brans* 

31 

0.42 

6700 

6950 

1*376 

8.80 

4519 

ai73o(l5) 

30 

0J»0 

6600 

6850 

1.357 

5135 

Sato#  Steal 

31 

0.41 

6050 

6400 

1.2*2 

7.84 

4850 

35 

0.47 

6250 

6350 

1.224 

5450 

tegular  Steal 

36 

0.48 

€Mi 

6500 

1.250 

l* 5 

5240 

5882(J{) 

(1X30)  Steal) 

37 

0.50 

6400 

6800 

1.351 

5610 

524oW 

Babbitt 

27 

0.37 

6550 

6700 

1.312 

9-73 

3274«*30ao^) 

a> 

0.37 

6650 

6750 

1.322 

3217 

tegaaeloa 

13 

0.17 

6800 

6950 

1.3*3 

1.76 

7834 

Aliaino* 

IT 

0.23 

6900 

6950 

1.382 

2.71 

6336 

7103(17) 

18 
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